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SUMMARY 
The objective of this research is to develop and investigate prescribed 
microstructures based on the idea of tensegrity in a semicrystalline thermoplastic polymer 
matrix with cellulose nanomaterials (CNs). Two CNs, cellulose nanocrystals (CNCs) and 
nanofibrillated cellulose (CNFs) were used as nanofiller in two polymer matrices, 
polyethylene-co-vinyl alcohol with either 44 mol.% or 48 mol.% ethylene comonomer 
content (44EVOH and 48EVOH). Three different processing methods were used to 
investigate the level of CNC dispersion in EVOH: melt mixing, solution casting, and a 
multi-step protocol involving first solution casting followed by melt mixing CNCs with 
EVOH. The level of CNC dispersion in the nanocomposites was initially characterized 
with polarized optical microscopy below and above the melting temperature of EVOH. The 
nanocomposites’ thermomechanical, thermal, mechanical, and structural properties were 
also investigated as a function of CNC loading. The results suggested a multi-step protocol 
increased the level of CNC dispersion in EVOH the most compared to only melt or solution 
processing strategies. Next, prescribed microstructures were developed using a sequential 
biaxial stretching technique. The structures of the stretched samples were characterized 
with x-ray diffraction and thermomechanical properties were also investigated of the 
stretched films as a function of CNC loading. The results indicated storage modulus values 
increased in the direction of applied strain for a 2.5 wt.% CNC/44EVOH nanocomposite 
when it was uniaxially stretched versus the unstretched composite sample and these higher 
storage modulus values were retained and more uniform in-plane when the composite was 
biaxially stretched. Overall, the results indicated nanocomposites with anisotropic CNs 
 xxvi 
designed in specified spatial arrangements in a thermoplastic matrix could increase 
thermomechanical properties of the polymer, and these polymer-particle arrangements 
behaved like tensegrity-inspired microstructures. The work presented herein contributes to 
the overall understanding of polymer processing- structure- property relationships using 
processing strategies commonly employed in commercial applications to incorporate and 
draw polymer and composite films.  
 
 1 
CHAPTER 1. INTRODUCTION 
Cellulose is the most ubiquitous biopolymer in the world, being generated from sources 
such as plants, algae, bacteria, and even animals like tunicates. Crystalline cellulose has 
been demonstrated at the nanometer level to have mechanical properties on par with 
structural materials like steel while also having a much lower density [1]. The incorporation 
of these cellulosic nanomaterials into commercial polymers therefore offers the promise of 
decreasing total material weight without sacrificing desired mechanical properties. 
In addition to incorporating the cellulose nanomaterials (CNs) into a mechanically 
isotropic polymer composite system, prescribed particle arrangements in various polymer 
nanocomposites have been demonstrated to increase various mechanical properties such as 
strength and modulus. One such particle arrangement is based on the idea of “tensegrity” 
or tensional integrity commonly used in macroscopic-scale projects for its inherent 
mechanical stability under prestresses. This concept uses the design strategy of tying a 
discontinuous phase of compressed members in a continuous web of tensioned material. 
For this work, the CNs are analogous to the compressed members in a polymer matrix that 
is comparable to the tensioned phase. In a previous work investigating tensegrity- inspired 
microstructures in a polymer nanocomposite [2], biocompatible inorganic nanoparticles 
decorated with block copolymers were demonstrated to increase storage modulus of a 
semicrystalline matrix when the nanocomposite was mechanically stretched using a 
sequential biaxial stretching technique. While storage modulus values below the glass 
transition temperature (Tg), as measured by dynamic mechanical analysis, increased in the 
semicrystalline polymer when the nanoparticles were incorporated and arranged into the 
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tensegrity-inspired microstructures, the reinforcement efficacy of these particle 
arrangements was not significantly different from the uniaxially stretched nanocomposites 
above Tg. This was attributed to the low aspect ratio of the particles used, which was 
approximately 6, and differences observed in storage modulus values below Tg were 
ascribed to constraints provided by both the amorphous polymer chains and polymer 
crystallites interacting with the nanoparticles. It was therefore hypothesized in this work a 
sequential biaxial stretching protocol could be employed to construct tensegrity- inspired 
microstructures by orienting polymer crystallites to facilitate the axial alignment of CNs in 
the specified drawing directions. Because the CNs used in this work have higher aspect 
ratios than the nanoparticles used in the previous study to construct tensegrity-inspired 
microstructures, it was anticipated the reinforcement ability of the prescribed arrangements 
would be higher than the nanocomposites that were unstretched or uniaxially aligned, 
particularly at temperatures above Tg for the polymer matrix. 
The dissertation is arranged in this manner: Chapter 2 provides a background into the 
state-of-the-art of polymer nanocomposites employing CNs as filler, as well as processing 
techniques to prescribe morphology in polymer nanocomposites. The materials and 
methods employed in this dissertation are outlined in Chapter 3 that describe how the CNs 
were incorporated and dispersed in two polyethylene-co-vinyl alcohol (EVOH) matrices 
with different comonomer compositions as well as the characterization techniques used to 
elucidate the processing- structure- properties of the nanocomposites. Chapter 4 
investigates three different processing strategies used to incorporate CNs into the EVOH 
matrices by employing a cross-polarized optical microscopy (POM) technique to study the 
degree of CN dispersion both at room temperature and above the melting temperature of 
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the matrix.  Chapters 5 and 6 further explore how the processing strategy to initially 
incorporate and disperse the CNs impacted the composites’ structure, thermal, 
thermomechanical, and mechanical properties using either the 48 mol.% ethylene or 44 
mol.% ethylene comonomer content EVOH as the matrix, respectively. Chapter 7 then 
investigates the thermal properties of these polymers and their nanocomposites with 1 wt.% 
cellulose nanocrystal (CNC) loading using a fast scanning chip calorimetry technique. This 
technique utilizes heating and cooling scanning rates that are much faster than a 
conventional differential scanning calorimeter (DSC) can run and offers the prospect of 
studying polymer and composite structure and dynamics that are associated with 
processing methods such as injection molding or injection blow molding. Chapter 8 
describes the investigation of the structure and properties of the EVOH matrix 
nanocomposites when they are uniaxially and biaxially stretched to determine if and when 
tensegrity- inspired microstructures were constructed with the CN filler. Finally, Chapter 
9 outlines the conclusions of the work presented in the dissertation as well as discussion of 
recommendations for future work. 
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CHAPTER 2. BACKGROUND 
2.1 Cellulose Nanomaterials 
2.1.1 Structure and Production 
Cellulose is the most abundant biopolymer in the world and is produced from a 
variety of sources including plants such as trees and cotton, animals like tunicates, algae, 
and even bacteria. The hierarchical structure of cellulose [3] allows it to be processed and 
used along several length scales such as pulp, microfibrillated cellulose (MFC), cellulose 
nanofibers (CNF), and cellulose nanocrystals (CNCs). Cell walls of plants such as trees are 
made of a composite structure of cellulose, lignin, and hemicelulloses. Within cell walls, 
bundles of fibrils form microfibrils that provide the mechanical reinforcement phase of the 
composite structure of plants. The components of these fibrils can be further broken down 
into nanofibrils, with cellulose chains arranged in ordered and disordered phases within the 
fibril. It is these ordered and disordered regions of cellulose that can be isolated and define 
the various cellulosic nanofillers discussed previously through various chemical and 
mechanical means. The two forms of cellulose that are of interest for this dissertation are 
CNFs and CNCs due to their having at least one dimension measurable at the nanometer 
length scale, dimensional anisotropy, high crystallinity, and mechanical properties 
comparable to structural materials such as steel and carbon fiber [1]. 
CNFs derived from wood-based sources are produced either by mechanical and/or 
chemical fibrillation of native cellulosic pulp fibers. The structure of CNFs is generally 
finer than MFCs but contain more disordered content and are longer in the axial direction 
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than CNCs. Moon et al.[1] described CNFs as analogous to the fibril structure of plant cell 
walls with similar dimensions and morphology. CNFs used in the present work were either 
classified as TEMPO or non-TEMPO CNFs depending on if the CNFs were produced by 
a 2,2,6,6-tetramethyl-piperidinyl-1-oxyl radical (TEMPO)-mediated oxidation step or not. 
In both cases, for wood- based sources, pulp is mechanically defibrillated using a variety 
of techniques including refiners and homogenizers [4, 5]. At this point, TEMPO CNFs are 
further processed with TEMPO which has been demonstrated to lower the overall energy 
needed to fibrillate pulp fibers during mechanical separation [5]. The final CNFs that can 
then be used in applications such as polymer nanocomposites are then separated from by-
products via filtration and centrifugation. The CNFs can be packaged either as-is in a dilute 
aqueous suspension or dried to a powder using processes such as freeze drying.  Research 
has also been conducted on the use of enzymes such as endoglucanase as a treatment step 
prior to mechanical fibrillation to produce CNFs [6, 7]. CNFs produced with enzymatic 
pre-treatment were reported to have overall smaller dimensions and degree of 
polymerization, but higher crystallinity, than untreated CNFs or TEMPO CNFs due to the 
preferential hydrolysis of disordered regions by the enzyme. CNFs are generally defined 
as having length dimensions of several micrometers and widths of 3 – 20 nm [5, 8]. The 
crystallinity of CNFs range between 25 – 87 % as measured by XRD and Raman 
spectroscopy [6, 9] and this range of values was attributed to the wide range of processing 
techniques and sources of cellulose used in the investigations. Whereas mechanically 
fibrillated CNFs tend to have lower values for crystallinity due to the destroying of both 
ordered and disordered cellulose regions during processing, chemical and enzymatic 
treatments provide a more directed attack and breakage of disordered cellulose regions, 
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leading to overall higher crystallinity values for chemically and enzymatically pretreated 
CNFs.  
CNCs derived from wood sources, the material of choice for this work, begin as 
wood pulp that is then hydrolysed with a strong acid, usually sulfuric acid, or enzymes [10, 
11]. As reported by Dong et al. [12], CNCs that are produced by sulfuric acid hydrolysis 
use pulp as the starting material. Pulp is mixed in a 64 wt.% sulfuric acid solution heated 
to 45 °C for 60 minutes. The insoluble ordered cellulose particles are then separated from 
the soluble by-products of acid hydrolysis with several processing steps including 
sonication, rinsing with water, centrifuging, and filtration. Hydrolyzing cellulose with a 
strong acid such as sulfuric acid exchanges some of the hydroxyl groups on the surfaces of 
the CNCs with sulfate ester groups [13]. These sulfate ester groups carry a negative charge 
in aqueous suspension and can increase the dispersion stability of CNCs in aqueous 
suspension. Sulfate ester groups have also been shown to negatively impact properties such 
as shelf life of suspensions due to aging and thermal stability of dried CNCs. Therefore, 
other acids such as hydrochloric, phosphoric, formic, and maleic acid have been used to 
hydrolyze cellulose to investigate how it impacts the morphology, stability in different 
solvents, and thermal stability. Espinosa et al. [14] observed CNCs hydrolysed with 
phosphoric acid and hydrochloric acid exhibited higher thermal stability and imparted 
different surface chemistry to the CNCs when compared to sulfuric acid-hydrolysed CNCs. 
The degradation temperature increased by about 50 °C when CNCs were hydrolysed with 
phosphoric or hydrochloric acid compared to sulfuric acid, and the aspect ratios were all 
approximately the same among the CNCs hydrolyzed by one of the three acids investigated 
[14].  
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After separating CNCs from the soluble by-products of acid hydrolysis, the aqueous 
CNC suspension can then be used as- is in the desired end application or further processed 
into a dry powder. The CNCs can have different morphologies in the dry state depending 
on the drying process. For example, freeze-dried CNCs can appear as flakes while spray 
dried CNC powder may appear as spherical particles, as seen in Figure 2.1 [15]. CNCs 
typically have dimensions of 3-5 nm and lengths between 50 nm and several hundred 
nanometers [1], although CNCs with longer dimensions and larger aspect ratios have been 
observed in particles derived from bacteria [16], and tunicates [17]. The crystallinity of 
CNCs has been reported to be between 54 – 88%. Tan et al. [18] reported CNCs with over 
95% crystallinity when they were produced by solvolysis with an ionic liquid. 
 
Figure 2.1 - Morphology of CNC powder that has either been (a) spray- or (b) freeze-dried 
[15].1 
 
                                                 
1 Reprinted from Powder Technology, 261, V. Khoshkava and M. R. Kamal, “Effect of drying conditions on 
cellulose nanocrystal (CNC) agglormerate porosity and dispersibility in polymer nanocomposites,” pp.288-
298, Copyright (2014), with permission from Elsevier. 
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The structure of crystalline cellulose comes in several morphologies, named 
cellulose I, II, III, and IV. Cellulose I is the most common naturally occurring allomorph 
and can be categorized by two different crystal structures: triclinic cellulose Iα and 
monoclinic cellulose Iβ. Cellulose structures II-IV can be produced by treating or 
regenerating cellulose I. Cellulose II, also commonly known as regenerated cellulose or 
cellophane, has a monoclinic lattice and can be produced by first dissolving cellulose I and 
regenerating it in water or by swelling cellulose in a sodium hydroxide solution [11]. 
Cellulose III can be produced by treating either cellulose I or II with ammonia, and 
cellulose IV can be made by further heat-treating cellulose III [1, 11].  Of the two 
polymorphs of the cellulose I structure, cellulose Iβ is the most common form found in 
plant cell walls, and has a higher reported modulus than cellulose Iα [19].  The cellulose I 
structure has also been demonstrated to have a helical structure when observed down the 
long axis [1, 20]. 
2.1.2 Properties 
Cellulose nanomaterials (CNs) have been used in many applications as neat 
structures [21-23], coatings [24-27], or nanocomposites [10, 28-38] in order to take 
advantage of their optical [39-42], mechanical [43-49], and barrier properties [19, 41, 50-
52]. CNCs can be considered liquid crystals due to their rigid rod-like morphology. Several 
authors [40, 53-57] have demonstrated CNCs can display chiral nematic or cholesteric 
behavior either in a colloidal suspension or as a dried film due to the twist of crystalline 
cellulose down its long axis. The liquid crystalline behavior of CNCs leads to visually 
translucent suspensions or films. CNCs and CNFs have also been investigated for their gas 
barrier properties. CNC films have been reported to have oxygen permeabilities of 
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approximately 6 cm3-µm/m2-day-atm when tested at 23 °C and 0% relative humidity or 
250 cm3-µm/m2-day-atm when tested at 23 °C and 50% relative humidity [52]. CNF films 
have reported permeability values of less than 1  cm3-µm/m2-day-atm when tested at 23 °C 
and 0 % relative humidity and between 3.6 and 700 cm3-µm/m2-day-atm at 23 °C and 50% 
relative humidity, depending on the surface functionality and cellulose source [51, 52]. For 
comparison, the oxygen permeability value for EVOH can be between 1 and 10 cm3-
µm/m2-day-atm at 23 °C and 0% relative humidity [58], and this value depends on 
comonomer content of the polymer. CNF films have lower reported gas permeability 
compared to CNCs due to the entangled morphology of CNFs causing a more tortuous 
pathway for gas molecules to diffuse through in a film. However, both CNCs and CNFs 
are sensitive to moisture, and gas permeability rates increase when the CN films are 
subjected to increasing relative humidity [51, 52]. CNCs and CNFs have also been 
demonstrated to increase gas barrier properties of polymer films when applied as a thin 
coating to the polymer surface. Li et al. [24] investigated the effect a 1.5 µm coating of 
CNCs derived from cotton had on barrier properties of several polymers, including PET, 
PP, polyamide, and regenerated cellulose. The authors reported a decrease in oxygen 
permeability rate of the coated films by two or three orders of magnitude compared to 
uncoated films, while the water vapor permeability rate was virtually unaffected by the 
application of the CNC film. Fukuzumi et al. [41] reported the oxygen permeability of 
polylactic acid decreased by over 2.5 orders of magnitude when a 400 nm coating of 
TEMPO CNFs was applied to the surface of the PLA film. 
The primary interest to use CNs in this work is for their mechanical properties and 
ability to increase parameters such as strength and modulus of polymer matrices in 
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nanocomposite systems. The theoretical modulus and strength of different CNs is reported 
in Table 2.1. The mechanical properties are comparable to materials such as steel but with 
a significantly lower density, making CNs attractive candidates for nanofiller in polymer 
composites. However, experimental values for modulus of crystalline cellulose have been 
reported to be 50 GPa [59]. The mechanical properties have been demonstrated to depend 
on the source material as well as processing conditions to extract the nanofibers. The 
modulus of TEMPO CNFs derived from tunicate cellulose was reported to be 
approximately 145 GPa as measured by AFM [60] while CNFs derived from bacteria and 
made with chemical and mechanical treatments other than TEMPO-mediated oxidation 
have a modulus reported between approximately 80 and 114 GPa [59, 61, 62]. These 
differences in the modulus of CNFs from different sources were attributed to differences 
in crystallinity of the parent cellulose [63]. Cheng et al. [64] reported a modulus of 93 GPa 
for cellulose fibrils derived from regenerated cellulose that were mechanically separated 
with sonication. 
 
Table 2.1 - Mechanical properties of CNs. 
Material Elastic Modulus (GPa) Tensile Strength (GPa) 
CNC 50-220 [1, 59] 7.5-7.7 [1] 
CNF 80-114 [59, 61, 62, 64] 1.6-3 [65] 
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2.2  Polyethylene-co-vinyl alcohol 
2.2.1 Synthesis and Structure 
Polyethylene-co-vinyl alcohol (EVOH) is a commercially available semicrystalline 
thermoplastic copolymer. It is commonly used in food packaging because of its high 
solvent barrier and gas barrier properties under dry conditions. There has also been interest 
in the efficacy of EVOH in medical applications such as for cell growth and tissue 
scaffolding [66]. The structure of EVOH is presented in Figure 2.2. EVOH is an atactic 
random copolymer consisting of ethylene and vinyl alcohol comonomers [67]. The 
copolymer is synthesized by hydrolyzing polyethylene-vinyl acetate (EVAc), although 
there have been investigations into other production methods. Acyclic diene [68] and ring 
opening metathesis polymerization [69] (ADMET and ROMP, respectively) have been 
employed as synthesis pathways to produce EVOH with stereoregular vinyl alcohol 
groups. Scherman et al. [69] demonstrated that EVOH with increased stereoregularity of 
hydroxyl side-groups led to an approximately 15 °C increase and 46 °C increase in the glass 
transition and melting temperatures, respectively, of the polymer as measured by DSC. 
EVOH is generally defined by the comonomer content of ethylene and vinyl alcohol units 
in mol.% rather than the molecular weight as with many commercially available 
thermoplastic polymers since many of the properties of interest depend on the comonomer 
content. The crystal structure has been demonstrated to change with comonomer content. 
EVOH polymers with higher vinyl alcohol comonomer content display a monoclinic 
crystal lattice similar to neat polyvinyl alcohol, whereas decreasing the vinyl alcohol 
comonomer content – or increasing the ethylene comonomer content – results in an 
orthorhombic crystal lattice similar to neat polyethylene [67]. However, there is no concise 
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opinion in literature as to the exact ranges of comonomer compositions for each crystal 
structure. Nakamae et al. [70] determined EVOH displayed an orthorhombic crystal lattice 
for ethylene contents exceeding 80 mol.%, a transitional pseudohexagonal structure for 
ethylene comonomer contents between 40 and 80 mol.%, and a monoclinic lattice for 
ethylene contents below 40 mol.%. Whereas Takahashi et al. [71] reported a monoclinic 
structure when ethylene content was less than 63 mol.%, a pseudohexagonal lattice for 
ethylene contents between 63 and 86 mol.%, and orthorhombic when ethylene content 
exceeded 86 mol.%. The crystal structure has been reported to be dependent on thermal 
history due to processing conditions. Cerrada et al. [72] observed in XRD patterns that 
EVOH of different comonomer contents would only display orthorhombic crystal lattices 
when they were rapidly quenched from the melt. Otherwise, when the polymers were 
cooled slowly from the melt, the crystal structures were reported to be similar to the trends 
originally observed as a function of comonomer content. The authors also showed with in 
situ WAXS testing that the structure of EVOH with 32 mol.% ethylene comonomer content 
(32EVOH) transitioned from monoclinic to an oriented mesomorphic phase when 
uniaxially stretched. Lagarón et al. [73] reported WAXS data that suggested the EVOH 
crystal structure was orthorhombic across all compositions when EVOH was blended with 
a polyamide and an ionomer. Martinez- Sanz et al. [74, 75] investigated the crystalline 
structure of 32EVOH matrix nanocomposites with XRD and reported a transformation in 
the crystal unit cell of EVOH from orthorhombic to an intermediate between orthorhombic 
and monoclinic when bacteria-derived CNCs were incorporated and dispersed in the 
EVOH polymer.  
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Figure 2.2 - Chemical structure of EVOH 
 
2.2.2 Thermal, Mechanical, and Gas Barrier Properties 
Properties such as mechanical, gas barrier, melting temperature, and glass transition 
temperature have been shown to depend on the comonomer content of EVOH. The general 
rule is that properties such as gas barrier and melting temperature increase with increasing 
vinyl alcohol comonomer content while ease of process (that is, lower melting temperature 
and viscosity) generally increases with increasing ethylene comonomer content. EVOH 
across a wide range of comonomer contents has been demonstrated to have an affinity to 
ambient moisture, and properties such as glass transition and gas barrier properties can be 
adversely affected by humid environments. As can be seen in Figure 2.3, there is an 
approximately linear relationship between comonomer content and Tm of EVOH [76], 
where Tg decreases as the amount of ethylene comonomer content increases. Aucejo et al. 
[77] reported a significant decrease in Tg of several EVOH compositions as the polymers 
were exposed to higher relative humidity. Tg of EVOH with 29 mol.% ethylene comonomer 
content decreased by as much as 40 °C from dry state to approximately 75 % relative 
humidity, and the authors attributed this to plasticization of EVOH by water. Zhang et al. 
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[78] observed oxygen permeability of several EVOH polymers with different comonomer 
compositions increased over an order of magnitude when the polymers were exposed to 
increasing relative humidity levels. Therefore, it is common for EVOH to be produced in 
a sandwich structure between polyolefins and tie layers to ensure moisture does not 
interfere with EVOH to better take advantage of its dry-state gas barrier properties. 
 
 
Figure 2.3 - Tm of EVOH as a function of ethylene comonomer content of the polymer 
plotted from technical report provided by Kuraray [76]. 
 
The type and wide array of available compositions as well as acceptance in 
commercial applications for food packaging make EVOH an ideal candidate of study for a 
polymer matrix that includes investigating polymer-particle interactions and compatibility 






















barrier properties of EVOH for use as a standalone film rather than in a laminated structure 
with nanofillers including CNs [74, 75, 79], nanoclays [80-84], and graphene [85-87]. The 
research presented in this dissertation will also provide insight into how both incorporation 
of CNs and imparting microstructures affect the structure of EVOH. 
2.3 Cellulose-Reinforced Polymer Nanocomposites 
CNs have garnered significant interest as filler in polymer nanocomposite constructs 
due to their mechanical, optical, barrier, and rheological properties. Currently, CNCs and 
CNFs can be found in commercial use as rheological modifiers in paints, inks, coatings, 
and packaging [88]. CNCs and CNFs have been investigated as mechanical reinforcement 
in numerous polymer matrices, including PE [34, 89-91], PP [89, 92], polyvinyl acetate 
(PVAc) [93-96], PVA [45, 97-99], PHB[100, 101], PLA [32, 35-37, 102-104], PMMA 
[105], latexes [28, 29, 106, 107], polyamides [38, 43], block copolymers [108, 109], 
epoxies [110-112], thermoplastic and thermoset polyurethanes [113-117], and EVOH [74, 
75, 118] among others.   
2.3.1 Processing Strategies 
Cellulose- reinforced polymer nanocomposites have been produced in a wide array 
of methods ranging from solution [79, 90, 105, 119, 120] to melt- based processes [43, 95-
97]. Melt mixing with either extrusion or injection molding is a common method of 
processing thermoplastic polymers and could therefore lead to a scalable pathway to 
produce CNC-reinforced polymer nanocomposites. CNCs have been incorporated into 
thermoplastics such as PLA [32, 121, 122], PE  [123, 124], polyamide [43], PVA [97], and 
thermoplastic polyurethane (TPU) [117] via melt mixing. Oksman et al. [32] incorporated 
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CNCs into PLA by pumping the nanocrystals into the polymer via suspension as the 
polymer was extruded in a twin screw extruder. They reported increases in Young’s 
modulus and tensile strength by as much as 35 % and 90 %, respectively, when 5 wt.% 
CNCs were loaded in PLA. Nicharat et al. [43] showed Young’s modulus could be 
doubled, tensile strength could be increased by 80 %, and storage modulus could be 
increased by 170 % when up to 15 wt.% CNCs were incorporated into PA12 via melt 
mixing. Sapkota et al. [95] demonstrated that solution casting followed by roller blade 
mixing CNCs in polyvinyl acetate (PVAc) increased the storage modulus below the glass 
transition temperature versus solely melt mixing. However, the nanocomposites produced 
by solution casting only displayed the largest increases in storage modulus. The value for 
storage modulus below the glass transition temperature increased by as much as 95% and 
several orders of magnitude in the rubbery region compared to neat PVAc. The increase in 
storage modulus above the glass transition temperature was attributed to the CNCs forming 
a percolated network in the polymer matrix. When 10 wt.% CNCs were incorporated into 
PVA via injection molding by Zhang et al. [97], the tensile strength and elastic modulus 
increased by 67% and an order of magnitude, respectively, even though the investigators 
also reported decreases in melting temperature and crystallinity of the polymer matrix. 
While mechanical properties were increased in the polymer matrices described previously, 
in many instances discoloration or decreases in degradation temperature were reported and 
attributed to high temperatures encountered by the CNCs during melt mixing.  
Polymer nanocomposites reinforced with CNFs have also been investigated using 
melt mixing strategies. Jonoobi et al. [35, 36]  reported the addition of 5 wt.% unmodified 
and acetylated CNFs in PLA via twin screw extrusion increased the elastic modulus and 
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tensile strength and shifted Tg and the highest increases in the properties came from 
nanocomposites with unmodified CNFs. There was also a significant increase in the storage 
modulus of PLA above Tg with the incorporation of CNFs from 100 MPa to 2.9 GPa 
regardless of surface modification of the nanofibers.  Volk  et al. [125] demonstrated 
pristine CNFs and CNFs with a block copolymer adsorbed to the nanoparticle surfaces 
could double or triple, respectively, the storage modulus of a linear low density 
polyethylene (LLDPE) using a melt compounding technique. Farahbakhsh et al. [91] also 
demonstrated a 10 wt.% CNF loading incorporated via twin screw extrusion could increase 
elastic modulus of a PE matrix by 80 %. CNFs have also been shown to increase the 
mechanical properties of other polymers via melt extrusion, such as PVAc [94]. Gong et 
al. reported 10 wt.% CNF loadings increased the tensile modulus of a PVAc polymer 
matrix by 59% and the authors suggested increases in the modulus as well as tensile 
strength were due to good stress transfer between the nanofibers and the polymer matrix 
and the CNFs restricted polymer chain segment mobility.  
Solution mixing has often been implemented in lab-scale investigations of CNC- 
and CNF-reinforced nanocomposites in order to avoid thermal degradation of the 
nanomaterials. Aqueous suspensions of polymers, such as epoxy [112], PVA [126], and 
latex particles [28-30, 89] as well as other polymers that require organic solvents such as 
polyacrylonitrile copolymer (PAN-co-MAA) [46, 120], polypropylene (PP) [127], 
polyurethane (PU) [115] and PE [90] have been investigated to incorporate and disperse 
CNCs in order to avoid degrading the nanoparticles.  Significant increases in the glass 
transition temperature and storage modulus below the glass transition temperature of PAN-
co-MAA were reported by Chang et al. [120] and Luo et al. [46] when CNCs were 
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incorporated and dispersed via solution processing methods. Chang et al. reported the glass 
transition temperature of gel-spun nanocomposite fibers increased by 10 °C and the storage 
modulus increased by 50 % when up to 10 wt.% CNCs were incorporated into PAN-co-
MAA while Luo et al. also reported increases in glass transition temperature and storage 
modulus of PAN-co-MAA films by as much as 26 °C and 170 %, respectively, with up to 
40 wt.% CNC loadings. Several groups have investigated incorporating CNCs into water-
based copolymer latex particles [28, 30, 89] and have demonstrated the storage modulus 
above the glass transition temperature of the latex increased by several orders of magnitude 
and it was suggested this increase was due to the formation of a percolated network of 
CNCs in the polymer matrix.  Dong et al. [105] reported the glass transition temperature 
of electrospun polymethylmethacrylate (PMMA) fibers increased by up to 7 °C and the 
storage modulus measured by nanoindentation increased by 17% when up to 41 wt.% 
CNCs were incorporated into the polymer.  
Solution- based processing strategies have also been implemented to incorporate 
and disperse CNFs into different polymer matrices, and changes in the mechanical behavior 
of the polymer was observed when CNFs were used as the filler. The mechanical properties 
of PLA such as flexural modulus and strength increased by 58% and 210%, respectively, 
when 32 wt.% CNF content was incorporated and dispersed in a PLA matrix via an aqueous 
suspension mixing process where polymer microparticles were mixed with a CNF 
suspension and subsequently dewatered and compression molded [128]. Others [129, 130] 
have reported increased mechanical properties of PVA when the CNFs were incorporated 
via solution mixing. Benhamou et al. [131] reported the incorporation of CNFs in a bio-
based PU via solution mixing increased the tensile strength and modulus by approximately 
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100% each with 10 wt.% nanoparticle loadings and the mechanical properties of the CNF- 
reinforced PU were overall higher than CNC- reinforced PU. The authors attributed the 
increased mechanical properties to decreased molecular mobility of the polymer chains as 
well as the higher aspect ratio and residual hemicelluloses and lignin on the CNFs 
compared to the CNCs which allowed for increased compatibility with the PU matrix.  
Capadona et al. [132] demonstrated CNF-reinforced polyethylene oxide- co- 
epichlorohydrin could undergo significant and reversible changes in modulus when the 
nanocomposites were subjected to an aqueous environment. The authors attributed the 
reversible switching in the storage modulus to the formation and breaking of a percolated 
network of CNFs in the polymer matrix, where the CNFs were better dispersed when the 
nanocomposite was exposed to water and a rigid fiber network formed in the dry state.   
2.3.2 Applications and Properties 
Thermal properties of CN-reinforced nanocomposites have been studied with DSC 
as a means of understanding how the nanomaterials interact with the polymer matrix and 
affect Tg and polymer crystallinity. Thermal properties of several polymers including PLA 
[37, 102, 122], PVA [133], PP [127], EVOH [74, 75, 79], and others [31, 38, 43, 108] have 
been investigated when CNs have been incorporated. Some authors reported the melting 
enthalpy increased for the polymer matrix increase with the addition of either CNCs [102, 
122] or CNFs [37, 131], and this increase was attributed to the nucleating effect of the 
nanoparticles to grow polymer crystallites. However, Martinez-Sanz et al. [74, 75] reported 
the crystallinity of 32EVOH decreased with the incorporation of CNCs originating from 
both bacterial and wood sources. Bahar et al. [127] and Turng et al. [133] also reported a 
decrease in melting temperature of polypropylene with the addition of CNCs and PVA with 
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CNFs, respectively and attributed these decreases to the inability of the polymer chains to 
form large crystallites due to the high interactions between the CNs and polymers.  
Additionally, others have tried to increase CNC- and CNF-polymer compatibility 
by chemically modifying CNCs [34, 102, 116, 134-138]. When Girouard et al. [116] 
modified the surface of CNCs with isophrone diisocyanate, the tensile strength of 5 wt.% 
CNC reinforced polyurethane increased over 160% and work of fracture by over 130% 
compared to the same loading of unmodified CNCs in the polymer matrix. Similarly, 
silylated CNCs [102] increased the Young’s modulus of poly L-lactide (PLLA) by 40% 
and doubled the polymer’s crystallinity with 1 wt.% loading compared to the same loading 
of unmodified CNCs in the polymer. Lin et al. [136] modified CNCs via acetylation and 
reported increases of 40 % and 60 % in Young’s modulus and tensile strength, respectively, 
of PLA when up to 10 wt.% CNCs were incorporated. de Menezes et al. [34] produced 
CNC-reinforced polyethylene nanocomposites with improved elongation at break and new 
phase transitions related to polymer-particle interactions as measured by DMA when fatty 
acids were grafted onto the CNCs via an esterification reaction. TEMPO CNFs have 
carboxyl groups on their surfaces as a result of the TEMPO-mediated oxidation treatment 
which has been demonstrated to increase dispersion in suspension as well as mechanical 
and thermomechanical properties of polymer nanocomposites. The tensile strength and 
Young’s modulus of carboxylated CNFs increased by as much as 200% and 300%, 
respectively when 7.7 wt.% lignin was mixed with the nanofibers [49]. Lignin coated CNFs 
were also demonstrated to increase storage modulus and elastic modulus of PVA hydrogels 
by 17 and 4 times, respectively, as reported by Bian et al. [99]. Several authors [25, 109, 
139, 140] have also shown increased dispersion of CNFs and the resulting mechanical 
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properties of polymer nanocomposites when the surfaces of CNFs were modified via 
grafting or adsorption of a polymer or other interfacial materials.  
Several micromechanical models have been implemented to help explain the 
mechanisms behind the ability of the CNs to increase the mechanical properties of polymer 
matrices. Models such as Halpin- Tsai [30] and Mori- Tanaka [141] have been used to 
predict the mechanical behavior of polymer nanocomposites, as well as polymer 
nanocomposites with CNs as the reinforcement phase.  Several authors have reported 
remarkable increases in the storage modulus of polymer nanocomposites reinforced with 
cellulose nanoparticles beyond what the Halpin- Tsai model can predict, particularly above 
Tg [28, 43, 95, 106, 142]. The additional mechanical reinforcement was therefore attributed 
to a networked phase of CNs, and three phase models such as percolation [142] and 
Takayanagi [143] have been used to develop a better understanding of this phenomenon. 
In addition to mechanical modelling, Lewandowska et al. [144] and Rusli et al. [93] have 
verified through Raman spectroscopy the efficiency of stress transfer in cellulose- 
reinforced polymer nanocomposites through polymer-particle and particle- particle 
interactions when the nanocomposites were subjected to an external mechanical load.  
2.4 Prescribed Microstructures in Polymer Nanocomposites 
While as-processed polymer nanocomposites can offer significant increases in 
several desired properties, the idea of intentionally prescribing microstructures in polymer 
nanocomposites offers the possibility of increasing mechanical properties, electrical 
properties, and a variety of other properties beyond what is capable of isotropic 
nanocomposite constructs. Gusev et al. [145] demonstrated through simulations the shear 
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modulus of a silica fiber-reinforced rubber matrix increased and this increase in shear 
modulus occurred at lower filler volume fractions when the filler was arranged in a 
prescribed morphology such as a web of honeycomb pattern compared to random packing. 
Chen et al. [146] also showed through computer simulations the tensile properties of a 
polymer matrix reinforced with spherical nanoparticles increased when the morphology of 
the nanocomposite was intentionally arranged into sandwich-like packing via oscillatory 
shear. Vaia et al. defined two means of prescribing microstructures in polymer matrices: 
an internal-out and an external-in approach. The internal- out approach relies on the 
development of phases or self- assembly either due to polymer- polymer, polymer-particle, 
or particle- particle interactions within a nanocomposite to drive the construction of 
prescribed morphologies. In order to promote the assembly of nanoparticles in a preferred 
phase of a block copolymer matrix, nanoparticles have been functionalized with one of the 
polymers that comprise the matrix [147-151]. Nanoparticles have also been used either in 
pristine form or functionalized to act as a surfactant at the interfaces of a block copolymer 
matrix [152] and even to provide compatibility to otherwise immiscible polymer blends 
[153, 154]. Lin et al. [155] reported that not only could a block copolymer matrix direct 
the assembly of inorganic nanoparticles, but the nanoparticles also directed the structure 
formation and phase development of the matrix.  
The other method discussed by Vaia, the external-in method, employs external forces 
such as mechanical drawing [156, 157], magnetic and electric fields [66, 158-162], and 
light [163, 164].  Applications for polymer nanocomposites with prescribed morphology 
include enhanced mechanical reinforcement and electrical conductivity for energy storage 
and semiconductors. An external- in method employing mechanical stretching as the 
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external force was used for constructing tensegrity- inspired microstructures in this 
research. Mechanical properties of short fiber- and nanoparticle- reinforced polymers have 
been demonstrated to have a strong relationship with particle orientation, especially for 
anisotropic particles and fibers [165]. Therefore, orienting the filler phase with mechanical 
drawing could improve the mechanical properties in the direction of applied mechanical 
drawing above and beyond a composite material with a random distribution of particle 
orientations. Kojima  et al. [166] reported different degrees of alignment of nanoclay sheets 
in an injection- molded polyamide nanocomposite bar. The degree of orientation was 
shown via x-ray characterization to depend on the distance from the cavity wall during 
injection molding and the orientation of the polymer was also affected by the addition and 
orientation of nanofiller during injection molding.  Haggenmueller et al. [156] 
demonstrated the alignment of single-wall carbon nanotubes increased when the draw ratio 
subjected to SWCNT-reinforced PMMA fibers increased. This increase in alignment as 
determined by Raman spectroscopy also led to a 100% increase in tensile strength of the 
nanocomposite fibers with 8 wt.% nanotube loading. Sarfraz et al. [157] also demonstrated 
tensile properties of a polymer nanocomposite could be increased by uniaxial stretching. 
The authors reported increases in tensile modulus and strength of as much as 40% and 
36%, respectively, when 2.5 wt.% nanoclay was incorporated into a polyvinyl chloride 
matrix and uniaxially stretched and these increases in mechanical properties were in 
addition to the 69% and 5% increases in the unstretched nanocomposites versus the neat 
polymer film. In addition to mechanical drawing, electromagnetic fields have been used to 
align nanoparticles [158, 159, 162, 167] and create nanocomposites with anisotropic 
mechanical and electrical properties, and in some cases a percolated network of 
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nanoparticles where they would otherwise not form at the given particle loading content 
[162]. Holographic patterning, or the use of light to induce polymerization of 
photosensitive monomers has also been employed in research to pattern nanoparticles in a 
polymer matrix in order to impart additional functionality or improved properties [163, 
164, 168, 169]. The idea is that nanoparticles are able to diffuse more readily through and 
towards lower viscosity regions of a photosensitive matrix that has either not been 
polymerized yet or has a lower degree of polymerization compared to other regions of the 
matrix that have been subjected to light and undergo photopolymerization. Holographic 
patterning is typically done with photosensitive polymers such as acrylics and inorganic 
particles such as metals and ceramics since some of the current research focuses electric, 
sensor, or biomedical applications. 
 Polymer nanocomposites with CNC filler have been investigated to develop 
prescribed morphology by taking advantage of self- assembly of CNCs to direct the 
formation of polymer microstructure. External stimuli have also been implemented to 
direct the alignment and assembly of CNCs either as free-standing films or in polymer 
nanocomposite constructs. The ability of CNs to self-assemble has been used as a 
templating tool for making polymer nanocomposites with enhanced functionality [170, 
171]. Risteen et al. [170] took advantage of the chiral nematic nature of CNCs to align 
conjugated polymer chains and enhanced π-π interactions between polymer chains. Beck 
et al. [39] was able to control the chiral nematic pitch of a CNC film plasticized with PVA 
by controlling the drying rate of the nanocomposite suspension in different locations of the 
film. Other external- in methods such as magnetic fields [172, 173] have been used to 
induce alignment of CNCs either in suspension or in composite. Pullawan et al. [173] 
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showed the mechanical properties of an all-cellulose composite system increased by 7-10 
% when the CNC filler was aligned with a magnetic field.  
2.5 Tensegrity Microstructures 
2.5.1 Definition and Origin of Tensegrity in Macrostructures 
The concept of tensegrity is an interesting means of prescribing morphology in 
polymer nanocomposites to potentially increase mechanical properties. Tensegrity is a 
contraction of “tension integrity.” The idea of tensegrity was described by Buckminster 
Fuller as “islands of compression in a sea of tension.” This quote describes a multiphase 
system in which one phase is made of isolated compressed members held together by a 
continuous phase that is in tension. Based on this concept, tensegrity structures offer the 
possibility of stable structures under mechanical loads due to self-stresses that provide 
mechanical equilibrium. On a macroscale, good examples of tensegrity in practice come in 
the form of either art and bridges [174] due to their aesthetic appeal and mechanical 
stability and even satellites [175] due to geometric constraints during deployment. A 
typical six-strut tensegrity model can be seen in Figure 2.4, where the structure is 
comprised of six struts held in compression by a network of 24 tensioned cables. The model 
is constructed such that the compression forces in the struts are balanced by the tension 
forces in the cables prior to any external load being subjected to the structure. Liu et al. 
[176] developed tensegrity structures out of shape memory polymer members connected 
with a continuous network of elastomer cables and the tensegrity structures were able to 
undergo changes in both shape and size when a thermal stimulus was applied to the 
structure. The authors postulated the lightweight structures could be used in applications 
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that need to be self- deployable and respond to environmental stimuli such as space or other 
remote locations. Paul et al. [177] developed robust architectures for robots based on the 
concept of tensegrity. The robots were able to move with the help of mechanical stimuli 
and continue moving even with several damaged actuators. Yan et al. [178] developed a 
novel beam-column joint with concrete and a shape memory alloy that was determined 
through computer simulations to have higher load bearing capacity and good self- entering 
ability that was attributed to the pre-stresses applied to the structure. 
 
 
Figure 2.4 - A six-strut tensegrity model [179].2  
 
                                                 
2 (Reprinted from Journal of Theoretical Biology, 201 (1), D. Stamenovic and M. F. Coughlin, “The role of 
prestress and architecture of the cytoskeleton and deformability of cytoskeletal filaments in mechanics of 
adherent cells: a quantitative analysis,” pp.63-74, Copyright (1999), with permission from Elsevier. 
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2.5.2 Applications of Tensegrity 
Biological systems have been described by the concept of tensegrity as well. One 
of the easiest examples is the musculoskeletal system in the human body, where bones 
(analogous to isolated struts as in Figure 2.4) are held in compression by continuous phase 
of tensioned muscles (cables). On a smaller scale, several authors [179-185] have used 
tensegrity to describe the mechanical stability of cells. Wang et al. [180, 181, 184] 
observed the stiffness of the cellular cytoskeleton increased with increased applied stress 
and suggested a tensegrity structure of microtubules [185] and filaments was formed in a 
cell to help respond rapidly to external mechanical stimuli on the cell. They [184] also 
determined stiffness increased with the level of prestress in the cell.  Tensegrity structures 
have also been constructed out of self-assembled DNA helices [186, 187]. Liedl et al. [186] 
reported tensegrity structures made of single DNA strands in tension and compressed 
double helical DNA members were able to self-assemble against mechanical loads of up 
to 100% that which is required to prevent the function of powerful protein motors. The 
structure of plant cell walls has also been described using tensegrity principles [188]. 
Through AFM measurements of single hemicellulose molecules on a cellulose substrate, 
Morris et al. [188] determined plant cell walls undergo a self-tensioning mechanism when 
exposed to an external mechanical load and can adapt to changes in mechanical loading 
due to the tensegrity nature of the cell wall structure.  
Besides examples of tensegrity being applied to biological systems, tensegrity has 
also been used as a guide to develop and describe behavior of polymer nanocomposites. 
Sidorenko et al. [189] developed tensegrity structures with silicon nanorods and acrylic 
polymer matrix in a hydrogel construct. The authors demonstrated the nanorods could be 
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actuated into different alignments and structures while tuning the moisture level of the 
hydrogel, which could be useful in sensor or stimuli-responsive applications.  Wang et al. 
[190] were able to increase the impact energy absorbed by a fiber- reinforced polymer 
composite by as much as 79% by applying a creep load to polyamide 6,6 fibers prior to 
incorporating them into a thermoset polyester resin. The authors were able to determine 
the mechanical properties of the composite were highest at an optimum applied creep load 
to the fibers and this was due to the saturation of energy storage ability of the polymeric 
fibers when the amorphous phase was aligned under load. The mechanical behavior of 
liquid crystalline films has also been described with tensegrity principles. Ren et al. [191] 
attributed the strain retention and shape memory behavior of a cross-linked liquid 
crystalline elastomer to tensegrity where thermally trapped crosslinks create a pre-stressed 
structure that can only relaxed with an external stimulus such as solvent or temperature. 
These pinned domains led to an increase in residual stress and strain when the initial 
applied strain was increased as well as an increase in the Young’s modulus by as much as 
233% when an applied strain of 350% was used.  
Previously in our group [2], tensegrity- inspired microstructures were produced in a 
polymer nanocomposite of hydroxyapatite (HAp) nanoparticles in a semicrystalline 
polyethylene oxide (PEO) matrix and an amorphous polymethylmethacrylate matrix. The 
HAp particles were synthesized with calcium and phosphorous precursors and either PEO-
block-PMMA or PMMA-block-PMAA as a means of controlling particle morphology and 
increasing polymer-particle interfacial interactions. The HAp particles were produced in 
spherical and needle-shaped geometries. The prescribed structures were produced when 
nanocomposite films were mechanically stretched using a sequential biaxial drawing 
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method at room temperature. Storage modulus values for PEO matrix nanocomposites 
below the glass transition temperature from dynamic shear testing increased when the 
nanocomposite films were biaxially stretched as opposed to the unstretched or uniaxially 
stretched films. Whereas the changes in storage modulus in the PMMA matrix 
nanocomposites were either minimal or not statistically significant. The results from DMA 
characterization as well as the investigation of particle orientation with x-ray diffraction 
suggested tensegrity- inspired microstructures were made in the semicrystalline polymer 
matrix. However, increases in storage modulus above the glass transition temperature for 
PEO matrix nanocomposites was about the same in both uniaxially and biaxially stretched 
samples. The current work looks to further understand how mechanical drawing affects the 
construction of tensegrity- inspired microstructures and the resultant thermal and 
mechanical properties of a semicrystalline thermoplastic polymer with bio-derived 
nanoparticles that have higher aspect ratios than nanoparticles previously studied. The use 
of EVOH copolymer will also expand the current base of polymers used to construct 
prescribed microstructures as well as provide a means of understanding polymer- particle 
interactions through the tailoring of the comonomer composition of the matrix.  
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CHAPTER 3. MATERIALS AND METHODS 
3.1 Materials 
3.1.1 Polyethylene-co-vinyl alcohol 
Two different compositions of EVOH were tested in this work with different 
comonomer contents of ethylene and vinyl alcohol. 44 mol.% ethylene content EVOH 
(Scientific Polymer Products, Ontario, NY) (44EVOH) was purchased and 48 mol.% 
ethylene content EVOH (Kuraray Americas, Ltd. Houston, TX) (48EVOH) was received 
as the matrix materials for use in this work.   
3.1.2 Cellulose Nanomaterials 
CNCs and CNFs were received from the USDA U.S. Forest Service Forest Products 
Laboratory (Madison, WI). CNCs were derived from dissolving pulp that had been 
hydrolyzed with 64% sulfuric acid [12, 192]. The insoluble crystalline cellulose was then 
separated from by-products through a series of dilutions, filtrations, centrifuging, and 
settling. The CNCs were then freeze-dried into a white powder. This was the form the 
CNCs were received for use in the dissertation. The as-received freeze-dried powder was 
resuspended in distilled water at a 5.5 wt.% solids content using a Talboys model 134-1 
overhead mixer set at 1900 RPM for 90 minutes with a 5 cm diameter stainless steel 
propeller blade at room temperature in a fume hood.  
CNFs were produced from bleached kraft wood pulp using a series of mechanical 
and chemical treatments [5]. Mechanically processed CNFs were fibrillated by running 
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pulp 100 passes through a refiner at 50 °C. The refined product is then screened, sonicated, 
and centrifuged to separate the CNFs from larger cellulosic materials. The CNFs are then 
concentrated in an aqueous suspension of 0.5 wt.% solids. Chemically pretreated CNFs 
(referred to as TEMPO CNFs) were also received from the Forest Products Laboratory. 
TEMPO CNFs were also derived from wood pulp that had been pre-treated with a solution 
of sodium hypochlorite, 2,2,6,6-tetramethyl-piperidinyl-1-oxyl radical (TEMPO) and a pH 
buffer heated to 60 °C and mixed for several days before being mechanically refined at 50 
°C. The refined pulp was then dewatered, passed through a homogenizer, and freeze-dried 
into a white powder. The powder received from the Forest Products Laboratory was 
resuspended into distilled water at a solids content of 0.5 wt.% using a procedure similar 
to the aqueous CNC suspension.   
3.2 Methods 
3.2.1 Melt Mixing 
A Haake MiniLab Rheomix (Thermo Scientific) was used to extrude and collect 
monofilaments of samples for melt mixing. The MiniLab is a table top mini compounder 
with corotating twin screws. Before compounding samples, the mini compounder was first 
purged with LDPE followed by either neat 44EVOH or 48EVOH depending on the samples 
being made. For this process, 48EVOH polymer and 1 wt.% CNC nanocomposites were 
used to investigate the processing method initially due to 48EVOH having a lower melting 
temperature between the two polymer compositions investigated. For 48EVOH polymer 
systems the temperature was set to 170 °C. Screw rotation speeds of 25, 50, and 100 RPM 
were used to investigate the melt mixing processing strategy. After the purge and neat 
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EVOH material, the sample of interest, either neat 48EVOH or 48EVOH with 1 wt.% CNC 
loading, was inserted into the feeding column of the compounder, and a time of 8 minutes 
(in the case of samples prepared with a screw speed of 25 RPM), 4 minutes (50 RPM), or 
2 minutes (100 RPM) was allowed to pass before collecting the extruded monofilament on 
a take-up roll. For nanocomposite systems, the aqueous CNC suspension was first mixed 
with EVOH resin before being directly fed into the feeding column of the mini 
compounder. After each sample was fully inserted into the mini compounder, neat EVOH 
resin was fed through to ensure the remaining material inside was pushed through and 
collected. The collected monofilament was then consolidated into a film via compression 
moulding.  
3.2.2 Solution Mixing 
The solution mixing process was investigated for both 44EVOH and 48EVOH 
polymers and nanocomposites up to 5 wt.% CNC loadings. EVOH polymer solution was 
first prepared by dissolving the polymer in a cosolvent of IPA and distilled water in a closed 
beaker heated with a water bath on a hotplate and stirred with a magnetic stir bar. For 
polymer nanocomposites, an aqueous CNC suspension was added to the EVOH solution. 
The aqueous CNC suspension was made by mixing freeze-dried CNCs in distilled water 
using a Talboys overhead mixer and then sonicated for a designated amount of time with a 
Misonix Sonicator 3000 cup horn sonicator at 80 W power setting. After the polymer was 
fully dissolved, the sonicated aqueous CNC suspension was then added to the solution and 
stirred for an additional hour at the prescribed temperature on the hotplate. In total, the 
solids content of the polymer-CNC suspension was 3 wt.% in the IPA-water cosolvent. 
After one hour of mixing, the suspension was cast into Petri dishes and the solvent was 
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allowed to evaporate for at least 48 hours in a fume hood. The resultant powder was then 
collected and consolidated into a film with compression moulding. 48EVOH with 1 wt.% 
CNCs was used as a representative system to further investigate processing variables such 
as stir bar mixing speed, temperature, sonication time of the CNCs, and cosolvent 
composition and their effects on CNC dispersion in the polymer matrix. 
3.2.3 Solution-then-Melt Method (STM) 
After investigating both melt mixing and solution casting methods independently 
to determine how they affected the level of CNC dispersion in an EVOH matrix, a multi-
step protocol combining these methods was investigated to determine if CNCs could be 
further dispersed and/ or distributed in the polymer. The first processing step used results 
from the solution casting method to determine the processing variables needed to produced 
nanocomposites with the highest levels of CNC dispersion in EVOH. An aqueous 
suspension of CNCs was first sonicated for 15 minutes with a cup horn sonicator at 80 W 
power. After sonication, the CNC suspension was then added to an EVOH solution such 
that the final solids content was 3 wt.% in a cosolvent of 70 vol.% IPA and 30 vol.% 
distilled water. The temperature of the CNC-polymer suspension was 70 °C in a water bath 
on a hot plate. The suspension was stirred for an hour with a stir bar mixing speed of 250 
RPM in a closed beaker. After stirring, the suspension was cast into Petri dishes and the 
solvent was allowed to evaporate for at least 48 hours in a fume hood. The resulting powder 
was then collected and consolidated into a film with compression molding. The films were 
then pelletized to prepare for the second processing step: melt mixing. As in the melt 
mixing method, LDPE and neat EVOH were sequentially added to the mini compounder 
as purge prior to feeding the nanocomposite system of choice. For 44EVOH polymer and 
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nanocomposites, the barrel temperature for the mini compounder was set to 185 °C while 
for 48EVOH systems the temperature was 170 °C. The screw speed was set to 50 RPM, 
and 4 minutes were allowed to pass after the nanocomposite system was fed into the mini 
compounder before collecting the monofilament from the exit on a take up roll. After 
feeding all of the pelletized nanocomposite film into the extruder, neat EVOH was fed 
through the extruder to push any sample remaining in the barrel. The collected 
monofilament was then consolidated with compression molding. 
3.2.4 Film Consolidation 
For all three processing strategies described previously, films were made of the 
polymers and nanocomposites using compression molding to further characterize their 
structure and properties. The polymer or nanocomposite material was sandwiched between 
PTFE sheets with a PTFE spacer to control the final thickness of the pressed films. A 
Carver 3851-0 (Wabash, IN) hot press was used at a temperature of 170 °C for all systems. 
The pressure was set to 1 metric ton and held at pressure for 5 minutes before releasing it 
and removing the resultant film. The final thickness of the films was 0.45 +/- 0.05 mm. 
3.2.5 Stretching Protocols 
In order to construct the prescribed microstructures in the nanocomposite films, a 
sequential biaxial stretching protocol was implemented using an Instron 5566 universal 
testing machine with a 500-series environmental chamber. For the stretching protocols, 
only polymers and composites made with the STM method were used. Compression-
molded films were soaked at a temperature of Tg + 40 °C for 15 minutes and then stretched 
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to a strain of 300 % at a crosshead extension rate of 1 or 10 mm/min. Immediately after 
reaching the final applied strain value, the furnace was turned off and the environmental 
chamber opened to allow the film to cool to below 30 °C while still clamped in the testing 
frame. Once the film was removed from the clamps, it was rotated 90° and stretched to an 
applied strain value of 150 % at a crosshead extension rate of 10 mm/min and temperature 
of Tg + 40 °C. Again, prior to the second drawing step, the sample was allowed to acclimate 
to the elevated temperature for 15 minutes prior to stretching. Other settings such as applied 
strains in either the first or second drawing direction were investigated for constructing the 
tensegrity- inspired microstructures, and these details along with property characterization 
are discussed further in Chapter 8. 
3.2.6 Optical Microscopy 
An Olympus BX51 optical microscope was used in brightfield mode to visually 
monitor changes in dispersion of polymer nanocomposites, as well as determine 
orientation, if any, was imparted by the stretching protocols to prescribe the 
microstructures in EVOH with CNCs. The film sample was placed between cross-
polarizers with a 530 nm red waveplate. The addition of the red waveplate gave an 
otherwise black image a magenta color as long as the sample placed between the polarizers 
was optically isotropic. Images were taken with an Olympus UC30 camera and 5x and 10x 
objective lenses using StreamEssentials software. For those samples monitored at 
temperatures above ambient conditions, the normal stage was exchanged for a Linkam 
LTS420 hot stage. 44EVOH polymers and nanocomposites were heated to 185 °C while 
48EVOH polymers and nanocomposites were heated to 170 °C at a rate of 10 °C/ minute 
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and held isothermal for at least 5 minutes to ensure the entire sample was melted before 
images were taken with a 10x objective lens using a Q-Imaging QIC-F-CLR-12 camera 
and LinkSys32 software. After imaging samples above their melting point, the samples 
were allowed to cool ambiently to below the glass transition temperature of the polymer 
matrix and imaged again. 
 
3.2.7 X-ray Diffraction (XRD) 
A Malvern Panalytical X’Pert PRO MRD XRD (UK) was used to collect wide 
angle x-ray scattering (WAXS) patterns of neat CNs as well as isotropic and stretched 
polymer and nanocomposite systems made with the STM method. A Cu-Kα source (λ = 
0.15406 nm) was employed for XRD studies. For WAXS, a 2θ sweep from 5° to 45° was 
conducted with a scan step of 0.02° and time per step of 0.5 s. Peaks were indexed and the 








where Ic is the sum of all areas under the deconvoluted crystalline peaks and Itotal is the area 
under all peaks including the amorphous peak. The polymer crystalline phase density was 









where MW is the molecular weight of the repeating comonomer unit, approximately 72 
g/mol, V is the volume of the orthorhombic crystal lattice, and NA is Avogadro’s number. 
To calculate the volume of the crystal lattice, the a lattice parameter was measured from 
the d-spacing of the (100) diffraction peak, the b lattice parameter was assumed to be 0.254 
nm and related to the planar zig-zag spacing between polymer chains [71], and the c lattice 
parameter was derived from the d spacing of the (101) diffraction peak in the neat polymer 
XRD pattern.  
 In order to better understand how the polymers and nanocomposites aligned with 
applied uniaxial and biaxial strains, XRD patterns were also collected for stretched 
nanocomposites such that the MD was oriented parallel and perpendicular to the beam and 
collector. For these tests, a Malvern PANalaytical Empyrean was used with a Chi-Phi-Z 
stage. A PIXcel3D detector was used in line focus mode. 0.04 radian soller slits were used 
on both the source and detector sides of the sample, along with a 10 mm mask, 1/2° 
divergence slit, and a 2° anti-scatter slit used in the mirror directly after the source. CuKα 
radiation was used (λ = 0.154046 nm). A 2θ sweep procedure from 5°-45° with 0.02° step 
size was used as well.  
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3.2.8 Fourier Transformed Infrared Spectroscopy (FT-IR) 
A Nicolet iS 50 FT-IR Spectrometer (ThermoFisher Scientific) with an attenuated 
total reflectance fixture (ATR FT-IR) was used in its attenuated total reflectance mode to 
characterize the chemical structure of EVOH and any changes to the structure of EVOH as 
a result of the incorporation and dispersion of CNs. Before scanning, a background scan 
was collected for each sample. 64 scans were collected for each system from 400 to 4000 
cm-1 with a resolution of 4 cm-1 at room temperature and with a nitrogen atmosphere set to 
15 psi.  
 
3.2.9 Differential Scanning Calorimetry (DSC) 
In order to characterize thermal properties such as percent crystallinity (Xc) and 
glass transition (Tg) and melting temperatures (Tm), a DSC Q200, Q100, or Discovery DSC 
(TA Instruments, New Castle, DE) was used under a nitrogen atmosphere flowing at 50.00 
mL/ minute. Nominal sample masses of 10.00 +/- 1.00 mg were used for testing and placed 
in standard aluminium pans. The samples were tested with an empty aluminium pan as a 
reference. A heat-cool-heat procedure was implemented between 0 °C and 210 °C with 
heating and cooling rates of 10 °C/ minute and 3- minute isothermal steps between each 
heating and cooling step. Tg, Tm, and Xc were all collected from the first heating step while 
the crystallization temperature (Tc) was collected from the maximum value in the 
exothermic peak from the cooling step. Tg was defined as the onset of the change in heat 
capacity before the exothermic curve during the first heating step. Tm was defined as the 
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minimum value in the exothermic curve from the first heating step.   Xc was calculated 





∗ 100 (3.3) 
where ΔHm is the melting enthalpy measured by integrating the exothermic peak observed 
in the first heating step, ΔHm° is the melting enthalpy of a theoretically 100% crystalline 
polymer matrix, and w is the weight fraction of polymer in nanocomposite systems. ΔHm° 
was taken to be 216.6 J/g based on studies Lagaron et al. [73] did comparing enthalpy data 
from DSC with XRD data for a 32 mol.% ethylene EVOH polymer. This value may or may 
not be accurate for the comonomer compositions of EVOH studied in this work, and 
therefore values calculated for Xc were not taken as absolute but rather relative to compare 
samples to one another.  
3.2.10 Thermogravimetric Analysis (TGA) 
A TGA Q50 (TA Instruments, New Castle, DE) was used to characterize the onset 
degradation temperature (Td,1) for each polymer and nanocomposite system produced. A 
platinum pan was used to hold a nominal sample mass of 10 mg and nitrogen gas was used 
as an inert atmosphere in the furnace. Td,1 was defined at the point at which 5 wt.% of the 
sample mass was gone from the polymer sample after accounting for any mass loss due to 
water around 100 °C.   
3.2.11 Dynamic Mechanical Analysis (DMA) 
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DMA was used to characterize thermomechanical properties of the polymer and 
nanocomposite systems. A DMA/SDTA861e (Mettler Toledo, Columbus, OH) was used 
with a tensile clamp assembly that had an interclamp length of 9.0 mm. Samples were cut 
with an ASTM D638-V dogbone die from compression moulded films and conditioned in 
ambient lab conditions for at least one week. A strain amplitude sweep test was conducted 
at 30 °C to determine the linear viscoelastic region for each system. Two samples for each 
system were tested with a thermal sweep test from 30 °C to 120 °C at a heating rate of 2 
°C/ minute. A 1 micrometer amplitude was used for each thermal sweep test as determined 
by strain amplitude sweep tests. Storage modulus (E') and loss modulus (E") were reported 
as a function of temperature. The glass transition temperature from DMA was defined as 
the peak in the E" curve for each system. For stretched samples, two samples were tested 
in the direction of the first stretching step (called the machine direction, or MD) and 
orthogonal to the first stretching step (cross direction, or CD). 
3.2.12 Quasi-static Mechanical Testing 
A universal testing frame (Instron 5566, Norwood, MA) was used to characterize 
tensile strength of the polymers and nanocomposites. Samples were cut with an ASTM 
D1708 dogbone die and conditioned in ambient lab conditions for at least 1 week. A 1 kN 
load cell was used and a 1 mm/ minute crosshead extension rate was implemented to test 
the sample until failure. For stretched samples, tensile bars of approximately 3 mm widths 
were cut and tested using a 100 N load cell and a 1 mm/minute crosshead extension rate. 
Samples were prepared in both the MD and CD. At least 4 samples were tested for each 
system and statistical analysis including t tests were used to analyse statistically significant 
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differences in mechanical properties between systems with a 95 % confidence interval. 
Yield strength and strength at break were reported for isotropic samples, which were 
defined as the stress values that occurred at the end of the elastic deformation region and 
the point of failure, respectively. For stretched composites, the yield stress was not as easily 
defined especially in samples tested in the MD. Therefore, tensile strength for these 
samples was determined by the maximum value in stress when plotting stress versus strain. 
This value occurred at failure for samples measured in the MD and the point at yield for 
samples measured in the CD.   
 
3.2.13 Fast Scanning Chip Calorimetry (FSC) 
A commercially available Flash DSC 1 (Mettler Toledo, Columbus, OH) was used 
in conjunction with MultiSTAR UFS 1 sensor chips (Xensor Integration, Netherlands). 
Analysis was conducted with STARe software version 10.00d. The chips are made of a 
silicon nitride/ oxide membrane coated with aluminum on the testing surfaces. Two areas 
on the membrane are connected with eight thermocouples each for homogenous thermal 
control. Each area has a 500 µm diameter, one is left blank as the reference and the other 
is where the sample was placed for testing. The chip heating was controlled with a dynamic 
power compensation heater. Flowing nitrogen was used as an inert atmosphere at 10 
mL/min flow rate. The sensor was first placed in the instrument and conditioned three times 
followed by a temperature correction before adding the sample with a cat whisker attached 
to a manipulator. The sample was centered in the innermost diamond of the testing area. 
Three different nonisothermal procedures were then administered to the chip with a 
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sample: variable heating rates with a constant cooling rate (VH, CC) and variable cooling 
rates with a constant heating rate (VC, CH). Samples and sensor chips were stored in a 
sealed container under dry atmosphere through the use of desiccant materials to reduce 
moisture adsorption between tests. The VH, CC protocol ran a heat- cool- heat template 
with heating rates of 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 2000, 3000, 
and 4000 °C/s with a cooling rate of 25 °C/s between 30 °C and 210 °C. Isothermal steps 
of two seconds were used before and after each heating and cooling step. The first heating 
rate was used to ensure the chip adhered to the chip as well as a means of comparing the 
heat flow profile to a final heating step of 50 °C/s to detect any signs of degradation to the 
sample.  
 As with the VH, CC tests, a heat- cool- heat protocol was administered for the VC, 
CH tests. Instead of varying the heating rates, the cooling rate was varied using rates of 25, 
30, 40, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 2000, 3000, and 4000 °C/s 
and a heating rate of 700 °C/s between 30 °C and 210 °C. The heating rate was held constant 
at 700 °C/s and this rate was determined as the point in which the peak melting temperature 
stopped decreasing as a function of heating rate during VH, CC tests. An initial heating 
rate of 700 °C/s was used to erase prior thermal history and remove moisture from the 
sample.    
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CHAPTER 4. PRODUCING ISOTROPIC NANOCOMPOSITES 
OF POLYETHYLENE-CO-VINYL ALCOHOL REINFORCED 
WITH CELLULOSE NANOMATERIALS 
Portions of the following chapter were adapted from Orr and Shofner [118] which can be 
found in Polymer.3 
4.1 Introduction 
Before constructing tensegrity- inspired microstructures in a polymer nanocomposite 
with CNs, isotropic nanocomposites must first be made and then stretched to prescribe the 
desired morphology. The degree of nanoparticle dispersion in the polymer matrix is an 
important determination of resultant mechanical and thermal properties of polymer 
nanocomposites. Therefore, it is critical to develop a processing strategy to incorporate and 
disperse CNs into an EVOH matrix. Challenges persist in effectively characterizing degree 
of particle dispersion in polymer nanocomposites for a number of reasons including cost, 
resolution, contrast between polymer and particle, and time for sample preparation and 
testing. Techniques such as electron microscopy offer the possibility of characterizing 
nanoparticle dispersion at the nanometer length scale. However, in cases where 
nanoparticles and matrix have structures with congruent atomic makeup, such as CNs and 
EVOH, poor contrast is achieved to discern dispersion of nanoparticles in the polymer 
matrix. Sample preparation can also be a tedious task and often harsh chemicals are 
                                                 
3 (Reprinted from Polymer, 126, M.P. Orr and M.L. Shofner, “Processing strategies for cellulose 
nanocrystal/polyethylene-co-vinyl alcohol composites,” pp.211-223, Copyright (2017), with permission 
from Elsevier. https://doi.org/10.1016/j.polymer.2017.08.043 
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employed to stain cellulose nanoparticles to improve contrast such as uranyl acetate or 
compounds with heavy metal ions [193, 194]. Therefore, other techniques have been 
developed to try and circumvent these challenges. Raman spectroscopy has been 
investigated to characterize both degree of dispersion and mixing of CNs in various 
polymer matrices [123, 124, 195].  
 Cross-polarized optical microscopy (POM) offers the opportunity to rapidly 
characterize degree of dispersion in polymer nanocomposites at micrometer length scales 
if the nanoparticles are optically anisotropic due to birefringence. The purpose of this 
chapter is to investigate three different processing methods to incorporate CNCs and CNFs 
and characterize degree of dispersion with POM. Various processing variables were also 
investigated for a solution mixing method to determine optimal processing conditions to 
increase CNC dispersion in EVOH. Finally, the polymers and nanocomposites were further 
investigated for degree of nanoparticle dispersion by observing the systems in the melt-
phase of the polymer matrix to see if further information could be gleaned with the POM 
characterization method.  
4.2 Optical Microscopy 
Figure 4.1 shows images of the consolidated neat 48EVOH and nanocomposite films 
produced by melt processing at different screw speeds. The parallel striations in the POM 
images were artifacts from the PTFE mold used for compression molding. Both the neat 
48EVOH films and the nanocomposite films had distinct and discrete discoloration in 
them. The discolored domains in the neat 48EVOH films were due to debris from extrusion 
and were much smaller in size compared to the domains found in the nanocomposite films. 
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The majority of the discolored domains in the nanocomposite films were attributed to CNC 
aggregates that degraded upon exposure to the processing conditions. Sulfate ester groups 
on the surface of sulfuric acid-hydrolyzed CNCs are known to contribute to a lower onset 
temperature for degradation of CNCs [3]. Additionally, Sapkota et al. [4] reported 
degradation of CNCs in a polyvinyl acetate (PVAc) matrix when the nanocomposite was 
formed by twin screw extrusion at 170 °C, a temperature below the reported degradation 
temperature of CNCs [1]. They attributed the degradation to the high shear forces 
encountered during extrusion, which led to a decrease in mechanical properties of the 
nanocomposite. In addition to shear forces, viscous heating during processing could also 
have contributed to the discoloration and degradation of the CNCs since the melt 
temperature would be higher than the extruder set temperature. POM images, shown in 
Figure 4.2, illustrate some aspects of structure in the neat and nanocomposite films. Neat 
48EVOH displayed a magenta hue for films made at all three screw speeds tested, 
suggesting an isotropic optical scattering pattern. The POM images for the nanocomposite 
films showed a magenta background related to the polymer matrix with yellow, brown, and 
black aggregates believed to be the CNCs. When observed under crossed polarizers, the 
CNCs displayed birefringence due to their optical anisotropy [1,22,38,39]. The 
birefringence behavior of CNCs has been used to ascertain CNC dispersion and distribution 
at larger length scales since aggregates can appear as bright spots when viewed under 
polarizers [38,39]. Therefore, any images of nanocomposite films that displayed either 
yellow-brown or bright clusters suggested aggregation of the CNCs in the polymer matrix 
(Figure 4.2 d–f). Indeed, aggregation of CNCs has been reported in other melt mixed 
systems using twin screw extrusion, such as in PLA [5]. The size of the aggregates did not 
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appear to be significantly different among the three screw speeds used to produce the 
nanocomposite films, suggesting that dispersion of CNCs in 48EVOH did not change 
drastically across the set of parameters studied for the melt processing investigation. 
 
   
   
Figure 4.1 - Films produced by the melt method of 48EVOH at (a) 25 RPM, (b) 50 RPM, 





   
   
Figure 4.2 - POM images of films produced by the melt method of 48EVOH at (a) 25 RPM, 
(b) 50 RPM, and (c) 100 RPM and 1 wt.% CNC/48EVOH at (d) 25 RPM, (e) 50 RPM, and 
(f) 100 RPM. 
 
To understand the observed microstructures better, rheological data were collected 
from the compounder using torque and pressure readings as the materials were mixing. The 
pressure drop data collected from the mini compounder were converted to relative values 
for viscosity and shear rate using Equations 4.1-4.3, assuming that the backchannel of the 
compounder was a slit capillary [40,41]. 
 




















where h is the depth of the channel, L is the length of the channel, W is the width of the 
channel, Q is the volumetric flow rate of the material through the channel assumed to be 
constant for a given screw speed, ΔP is the pressure difference output given by the mini 
compounder's pressure transducers, τ is the shear stress, is the shear rate in the channel, 
and η is the viscosity. The depth h was measured as 1.5 mm, L was taken as 64 mm, and 
W was 10 mm. The value of ΔP used to calculate the shear stress was obtained while the 
mini compounder was operating in closed cycle mode. The mass flow rate was computed 
as the amount of polymer extrudate collected over a time span of 2 min for each screw 
speed, and thus, these data were collected when the mini compounder was not operating in 
closed cycle mode, rather when material was exiting the system. The volumetric flow rate 
was calculated from these mass flow rates by multiplying the mass flow rate by the melt 
density of 48EVOH. A value of 1.02 g/mL was used for the calculation based on the 
available data from the manufacturer for a 44EVOH polymer, which was the highest 
ethylene content EVOH reported [34]. Mass flow rate measurements were conducted three 
times, and the data were averaged for each screw speed. The data obtained are shown in 
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Figure 4.3. The viscosity of the melt processed nanocomposites and neat 48EVOH did not 
appear to change significantly in the measured range of shear rates. The relative trends 
between the neat polymer and nanocomposite with a 1 wt.% CNC loading as well as the 
change in viscosity as a function of shear rate were similar to other CNC-reinforced 
polymer nanocomposites for similar steady state shear rates [42–44]. The relative changes 
in viscosity in the polymer nanocomposites of PLA [42] and a polysaccharide [43] were 
reported to decrease in the shear rate range of 1–10 s−1, but the magnitude of changes were 
within an order of magnitude, which was similar to what was observed in the viscosity as 
a function of shear rate in Figure 4.3. The relative consistency in viscosity within error as 
a function of steady state shear rate suggested the twin screw extruder would be expected 
to produce limited changes in CNC dispersion and distribution as a function of screw speed 
when incorporating the CNCs into the 48EVOH polymer with the melt method parameters 
used here. 
The measurements presented in Figure 4.3 are limited by the collection of the mass 
flow rates as a function of screw rotational speed as well as screw rotational speeds 
available to acquire a wide range of shear rates. The feeding system for the mini 
compounder consists of a vertical cylinder directly connected to the extruder screws and a 
plunger used to develop pressure to push the material forward. As the polymer softens and 
melts during loading, the material is pushed into the mini compounder at a faster rate. Also, 
the rheological data collected in the slit capillary back flow channel may not be used to 
quantitatively understand the mixing conditions due to the qualitative relationship between 
mass flow rate and shear rate in the mini compounder [40]. A wider range of shear rates 
and viscosity measurements might have been able to provide a clearer picture as to how 
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CNCs affected the rheological properties of the EVOH when using the melt method. 
However, while the mini compounder can achieve higher screw rotational speeds than 
those used to make the nanocomposites by the melt processing method, the work reported 
by Sapkota et al. [4] suggested that CNCs degraded at even lower rotational speeds than 
were used for the melt processing method. Therefore, higher rotational speeds were 
avoided to prevent further degradation of CNCs with the melt method. 
 
 
Figure 4.3 - Relative values of viscosity calculated from pressure drop readings from the 
mini compounder as a function of shear rate for both neat 48EVOH and 1 wt.% 
CNC/48EVOH produced with the melt method. 
 
To reduce opportunities for thermal degradation of the CNCs and improve CNC 












compression molded films of 48EVOH containing 0, 1, 2.5, and 5 wt.% CNCs processed 
by the solution method are shown in Figure 4.4. The films were produced by sonicating an 
aqueous CNC suspension for 15 minutes before adding it to EVOH in a solvent mixture 
containing 70 vol.% IPA and 30 vol.% distilled water, stirring with a magnetic stir bar at a 
mixing speed of 250 RPM, and a temperature of 70 °C. Compared to the films made by the 
melt method in Figure 4.1, the nanocomposite films produced by the solution method 
appeared to have better CNC dispersion and distribution since micron-sized discolored 
domains were not observed. Additionally, no evidence of thermal degradation was 
observed, as expected. 
 
 
Figure 4.4 - Images of neat 48EVOH, 1 wt.% CNC/48EVOH, 2.5 wt.% CNC/48EVOH, 
and 5 wt.% CNC/48EVOH nanocomposites produced via solution casting. 
 
POM images of the films from Figure 4.4 are shown in Figure 4.5. The POM 
images of the nanocomposite films produced by solution casting were not observed to have 
discrete brown/black domains like what was seen in films produced with the melt method 
in Figure 4.2. Additionally, the coloration of the films, with blue and orange domains, was 
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different from the discrete domains related to CNC aggregation and degradation observed 
in the films produced by the melt method. The blue and orange coloration in the films 
produced by the solution method suggested that the microstructure of the matrix was 
affected in some way by the increased dispersion of the CNCs with the solution casting 
method. The colors also were observed to change when the sample was rotated between 
the polarizers; i.e., the domains that were blue transitioned to orange and vice versa when 
the sample was rotated 90°. The coloration of the solid nanocomposite films in Figure 4.5 
was similar to that reported by Abitbol et al. [45] in PVA/CNC hydrogels. Abitbol 
attributed the colors to the orientation of the CNCs in the matrix, where blue and orange 
are oriented in orthogonal directions to one another and 45° to the polarizers. Orientation 
of the CNC domains could arise from shear flow when the nanocomposites were 
compressed and consolidated into films. The sizes of the orange and blue domains could 
be attributed to the powder granules produced when the nanocomposite suspension was 






    
Figure 4.5 - POM Images of (a) neat 48EVOH, (b) 1 wt.% CNC/48EVOH, (c) 2.5 wt.% 
CNC/48EVOH, and (d) 5 wt.% CNC/48EVOH nanocomposites produced by the solution 
method. 
 
To demonstrate the possibility of shear induced flow patterns in the nanocomposites 
during compression molding, samples of solution-casted neat 48EVOH and 48EVOH 
loaded with 5 wt.% CNCs were pressed without heat to the same thickness as the 
compression molded nanocomposite films. The images in Figure 4.6 showed the POM 
images of the pressed powder cakes on the hot stage covered with a glass cover slip at room 
temperature prior to melting the polymer. After imaging the samples at room temperature, 
the stage was heated to 170 °C at a heating rate of 10 °C/minute. The powder cakes 









compression molding. The black domains present in the figures of the films above the 
melting temperature of the polymer as well as when the film was cooled from the melt 
were due to bubbles of air. The bubbles of air helped as a guide to demonstrate when forces 
were being applied to the film and in what direction. When the final temperature was 
reached, the neat polymer and polymer nanocomposite films were held at the highest 
temperature for 5 min before the glass cover slip was pushed normal and parallel to the 
surface of the nanocomposite with a probe to simulate compression and shear forces, 
respectively, that the nanocomposites might have experienced in the hot press. As can be 
seen in Figure 4.6, the color of the melt-state neat 48EVOH was magenta when it was 
subjected to both compression and shear forces, indicating that the samples were optically 
isotropic and that the microstructures were not changed at the micrometer length scales 
observed in the microscope when force was applied. When the films were cooled to room 
temperature, the films appeared with many bubbles, and strain fields were observed 
surrounding the bubbles because the color changed from magenta to orange. However, 
when CNCs were dispersed in the polymer matrix, the colored domains were on the same 
order of magnitude as the grains of powder imaged in the original powder cakes (Figure 
4.7). When a compression force was administered to the molten samples, the domains of 
blue and orange changed shape and size. The change in domain sizes and shapes indicated 
the microstructure was changing when a normal force was applied. Additionally, the color 
of the entire observed area shifted to orange when a shear force was applied to the cover 
slip in a direction perpendicular to the polarizer axis. Finally, when the outside forces were 
removed from the nanocomposites, the films were allowed to relax at 170 °C for 5 min 
before they were allowed to cool ambiently. The solid nanocomposite film imaged at a 
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temperature below the glass transition temperature retained orange and blue domains. 
These observations suggested that the CNCs aligned in the direction of applied shear and 
also the CNCs directed the alignment of polymer chains. 
 
  
   
Figure 4.6 - POM images of neat 48EVOH (a) powder cake that was then subjected to (b) 
heating above the polymer melting temperature, (c) compressed, (d) sheared between glass 
surfaces, and (e) cooled from the melt. The direction of applied strain is indicated by the 








   
Figure 4.7 - POM images of 5 wt.% CNC/48EVOH (a) powder cake that was then 
subjected to (b) heating above the polymer melting temperature, (c) compressed, (d) 
sheared between glass surfaces, and (e) cooled from the melt. The direction of applied 
strain is indicated by the arrow in (d). 
 
POM images were taken of nanocomposite films that were solution casted with one 
of the following variables altered: magnetic stir bar rotational speed (Figure 4.8), solvent 
composition (Figure 4.9), and sonication time of CNCs prior to incorporating them into the 
polymer solution (Figure 4.10). Bright domains were observed in the nanocomposite mixed 
at 125 RPM as seen in Figure 4.8a. The appearance of these domains suggested that CNCs 
aggregated but did not degrade since the domains were not yellow in color like those 





of the CNCs could be attributed to less mixing energy imparted on the nanocomposite 
suspension. Similarly, the size of the bright domains decreased as the IPA content of the 
solvent was increased from 40 vol.% to 70 vol.%. It was also observed that the EVOH 
solution became opaque when the IPA content was less than 60 vol.%. This suggested that 
EVOH did not readily dissolve in cosolvent compositions containing less than 60 vol.% 
IPA. If 48EVOH did not dissolve as readily, then the polymer-polymer interactions would 
be more favorable than polymer-solvent or polymer-particle interactions. This change in 
component compatibility could then lead to aggregation of CNCs in solution rather than 
dispersion amongst the EVOH chains. No distinct differences were observed in the POM 
images as a function of sonication time. Any birefringent spots that were observed in any 
of the systems where the CNCs were sonicated prior to being incorporated in the polymer 
solution were smaller than the aggregation observed in the melt-processed composites. 
However, the images appeared to have flow patterns that were different when compared to 
previous images. The flow patterns further validated the possibility of flow-induced 
ordering of CNCs in the EVOH matrix due to shear and compression forces that occurred 
during compression molding. The images collected for each processing variable studied 
suggested the highest levels of CNC dispersion in the EVOH polymer matrix came from 
higher mixing speed, and complete dissolution of polymer in the appropriate solvent 
composition. Sonicating CNCs was also demonstrated to increase CNC dispersion in the 
EVOH matrix at the length scales afforded by POM imaging. The POM images also 
suggested that solvent composition and mixing speed contributed to the most significant 
changes in CNC dispersion in the 48EVOH polymer. 
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Figure 4.8 - POM images of 1 wt.% CNC/48EVOH nanocomposites produced by solution 




Figure 4.9 - POM images of 1 wt.% CNC/48EVOH nanocomposites produced by solution 








   
Figure 4.10 - POM images of 1 wt.% CNC/48EVOH nanocomposites produced by solution 
casting and sonicating the CNCs for (a) 1, (b) 5, and (c) 15 min prior to incorporating them 
into the polymer matrix. 
 
POM images of nanocomposites characterized at room temperature were used to 
observe both CNC dispersion and the effects CNCs had on the microstructure of the EVOH 
polymer. The nanocomposite films were then heated above the melting temperature of the 
EVOH polymer to focus the investigation on CNC dispersion without any optical 
birefringence due to the change in polymer microstructure. Figure 4.11 shows the POM 
images of 48EVOH nanocomposite films in the melt with 0, 1, 2.5, and 5 wt.% CNC 
loadings. In the melt phase, the polymer matrix lost any orientation that was associated 
with crystallites. Therefore, the neat polymer matrix in the melt was optically isotropic, 
hence the magenta color as previously seen in the neat EVOH at room temperature. The 
same magenta color was observed in the nanocomposite melts as well. Additionally, bright 
spots were observed in the 1 wt.% nanocomposite which suggested CNC aggregation 
occurred to some degree during solution processing. Dark domains were observed in the 




which suggested CNC-rich domains were present in the EVOH matrix that retain some 
inherent cohesion in the melt. These domains correlated to hazier regions in the 
nanocomposite films at room temperature that were observed by eyesight. However, it did 
not appear as CNCs that have aggregated or they would appear birefringent as in Figure 
4.8 and Figure 4.9, nor did they appear to change the microstructure of the polymer matrix 
as noted in the solid-state films. Therefore, the CNCs appeared to have dispersed to a 













Figure 4.11 - POM images on a hot stage at 170 °C of (a) neat 48EVOH and (b) 1 wt.% 
CNC/48EVOH, (c) 2.5 wt.% CNC/48EVOH, and (d) 5 wt.% CNC/48EVOH 
nanocomposites produced by solution casting. 
When the nanocomposites were produced via the STM method, there were 
observable changes in the microstructure when the nanocomposites were imaged in the 
melt. Figure 4.12 and Figure 4.13 show the solid films and melt-phase POM images of 
48EVOH with 0, 1, 2.5, and 5 wt.% CNCs produced by the STM method, respectively. 
The films looked similar to those produced by the solution method (Figure 4.4). While the 
nanocomposite films produced by the solution method appeared hazy with increasing CNC 
loadings, the STM- produced nanocomposite films were more transparent. Additionally, 
the CNC-rich domains that were observed in samples produced by the solution method 
(Figure 4.11) did not appear in the melt-phase POM images in Figure 4.13. This 





throughout the nanocomposite film as a result of the STM processing method, creating a 
more homogenous mixture in the nanocomposite films. 
 
 
Figure 4.12 - Images of 0, 1, 2.5, and 5 wt.% CNC/48EVOH nanocomposites produced by 
the STM technique. 
 
   
Figure 4.13 - POM images of melt-phase (a) 1 wt.% CNC/48EVOH, (b) 2.5 wt.% 
CNC/48EVOH, and (c) 5 wt.% CNC/EVOH nanocomposites produced by the STM 
technique. 
 
Figure 4.14 shows solid films of neat 44EVOH and nanocomposites with 1, 2.5, 
and 5 wt.% CNCs produced by the solution and STM methods. The visual appearance of 
c b a 
100 µm 
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the nanocomposites produced by the solution method and the STM method is similar. Both 
the color and transparency are similar in the neat and nanocomposite systems produced 
with either processing strategy. There were also no CNC aggregates observed at the length 
scales afforded by the digital camera. 
 
 
Figure 4.14 - Images of neat 44EVOH, 1 wt.% CNC/44EVOH, 2.5 wt.% CNC/44EVOH, 
and 5 wt.% CNC/44EVOH samples produced by solution casting and STM methods. 
 
Figure 4.15 and Figure 4.16 show POM images of the same samples produced by 
the solution and STM processing methods, respectively. These figures contain images of 
the films when they were heated to a temperature above the melting temperature of the 
polymer matrix and also when they were cooled to a temperature below the glass transition 
temperature of the polymer matrix. While the neat 44EVOH film produced by the solution 
method was optically isotropic when it was heated to above the melting point of the 
polymer, the POM images of the nanocomposite films with 1 and 5 wt.% CNC loadings 
became darker, and they retained optical anisotropy as noted by the orange hues in Figure 
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4.15 c and e. When the films were cooled to below the glass transition temperature, optical 
anisotropy could be observed in the films regardless of CNC loading. Optical anisotropy 
observed in the neat 44EVOH film could be as a result of ordering due to strains 
surrounding the bubbles that could be observed in the POM image in Figure 4.15b while 
the anisotropy observed in the 1 and 5 wt.% CNC nanocomposite films could be due to 
changes in the polymer microstructure imparted by the increased CNC dispersion. When 
the nanocomposites were produced by the STM method, there appeared to be ordering of 
the polymer matrix in the samples cooled from the melt phase even in the neat EVOH 
sample. Additionally, the 44EVOH nanocomposites displayed optical anisotropy in the 
melt phase. A liquid crystalline-like phase emerged in the 44EVOH nanocomposites when 
the STM method was employed (Figure 4.16: d and f). The liquid crystalline-like phase in 
the 44EVOH matrix suggested the STM strategy directed assembly of the CNCs, which 
then imparted a change in the microstructure of the polymer matrix. Compared to the POM 
images of the 48EVOH nanocomposite films, the differences in the way CNCs affected the 
polymer microstructure in both the melt and solid films suggested there could be 
differences in compatibility between the nanoparticles and polymer chains due to 
differences in vinyl alcohol content and therefore differences in hydrogen bonding 






Figure 4.15 - POM images of melted (a, c, and e) and cooled from melt (b, d, and f) of (a 
and b) neat 44EVOH, (c and d) 1 wt.% CNC/44EVOH and (e and f) 5 wt.% CNC/44EVOH 












Figure 4.16 - POM images of melted (a, c, e, and g) and cooled from melt (b, d, f, and h) 
of (a and b) neat 44EVOH, (c and d) 1 wt.% CNC/44EVOH, (e and f) 2.5 wt.% 









Figure 4.17 and Figure 4.18 display the POM images of 1 wt.% TEMPO 
CNF/48EVOH and 1 wt.% TEMPO CNF/44EVOH nanocomposites produced by either 
the solution or STM methods. Fiber-like particles were observed in the melt-phase images 
of both polymer nanocomposite systems that had dimensions of several microns up to 
several hundred microns, and these particles were assigned to the TEMPO CNFs based on 
the dimensions and fibrous appearance. There appear to be no discernable differences in 
level of TEMPO CNF dispersion in 48EVOH as a function of processing conditions chosen 
to make the nanocomposite, as the aggregate sizes did not change significantly in the POM 
images collected. However, the level of TEMPO CNF dispersion appeared to increase in 
the 44EVOH matrix nanocomposite produced by the STM method versus the solution 
method, as there were smaller aggregates and particle sizes observed. Overall in the images 
of the films cooled from the melt, the orange and blue domains aligned with the fiber-like 
morphology of the TEMPO CNFs, and these colored domains appeared similar in color 
and domain size as the CNC- reinforced EVOH composites of the same particle loading 







Figure 4.17 - POM images of (left column) melted and (right column) cooled from the melt 












Figure 4.18 - POM images of (left column) melted and (right column) cooled from the melt 
1 wt.% TEMPO CNF/44EVOH produced by either (a and b) the solution or (c and d) STM 
method 
 
Due to the evidence provided by both CNC and TEMPO CNF- reinforced EVOH 
nanocomposites that suggested nanoparticle dispersion increased using the STM method, 
CNF-reinforced EVOH nanocomposites were only made and characterized using the STM 
method and the POM images are shown in Figure 4.19. As can be seen in the figure, the 
dimensions of the visible CNFs were similar if not slightly smaller in length than TEMPO 
CNFs observed in Figure 4.17 and Figure 4.18. While it is difficult to determine level of 





in the images suggested the level of CNF dispersion was similar in the EVOH matrices 





Figure 4.19 - POM images of (left column) melted and (right column) cooled from melt (a 
and b) 1 wt.% CNF/48EVOH and (c and d) 1 wt.% CNF/44EVOH made with the STM 
method. 
 
The images from POM characterization studying the effects of incorporating CNCs, 
TEMPO CNFs, and CNFs into 44EVOH and 48EVOH copolymers with three different 





dispersion and distribution at the micrometer length scale on the processing strategy used 
to produce the CNC-reinforced nanocomposites. Melt processing was shown to produce 
nanocomposites with significant CNC aggregation and degradation. POM images used to 
study the effects of processing variables when using the solution method suggested the 
strongest effects on CNC dispersion in the 48EVOH polymer matrix came from mixing 
speed and solvent composition for dissolving the EVOH resin. An increase in the 
compatibility between the polymer and solvent led to an increase in CNCs dispersing in 
the EVOH polymer. Also, the microstructures of the 44EVOH and 48EVOH polymers 
were affected differently when CNCs were incorporated and dispersed using either the 
solution or STM methods. This suggested that the compatibility between the CNCs and the 
polymer matrix was different as a function of comonomer content in the EVOH polymer. 
Higher vinyl alcohol comonomer content in the EVOH polymer could lead to increased 
compatibility between the matrix and CNCs due to increased hydrogen bonding sites. 
Compared to the nanocomposites produced by the melt method, the increased CNC 
dispersion seen when the nanocomposites were produced with the other two methods led 
to changes in the polymer microstructure. The changes in microstructure observed when 
CNCs were incorporated into either EVOH polymer were not similarly observed in 
nanocomposites with either TEMPO CNFs or CNFs. This was attributed to the differences 
in particle morphology, as the CNFs form networks at lower loadings compared to CNCs 
due to having a higher aspect ratio as well as the possibility of entanglements with other 
CNFs [196]. The network structure of CNFs meant increased particle- particle interactions 
would occur in the EVOH composites, leaving fewer opportunities for intermolecular 
interactions between CNFs and the polymer matrix. Further study using the hot stage and 
 72 
a probe suggested the CNCs and surrounding polymer chains were oriented due to shear 
and compressive stresses during compression molding and caused the nanocomposite film 
to display birefringent domains. When the nanocomposites were cooled from the melt, the 
changes in the microstructure as a result of CNC orientation were retained in the solid 
nanocomposite films. Based on the results reported in this study as well as by others [11,35] 
comparing melt and solution processing strategies to produce CNC/EVOH composites, a 
solution processing step to initially incorporate CNCs resulted in the largest increase in 
CNC dispersion. Even though the solution method showed adequate CNC dispersion at the 
micrometer length scale, further investigation of the nanocomposites with POM at different 
temperatures revealed that a multi-step protocol could increase the homogeneity of the 
nanocomposites. The changes in CNC dispersion in a thermoplastic polymer matrix as a 
function of the process chosen follow similar trends in CNC-reinforced nanocomposites in 
other thermoplastic matrices reported by others [11,35]. CNF dispersion and distribution 
also appeared to increase in the polymer melt when the composites were made with the 
STM method as opposed to the solution method, although these changes were not as 
significant as composites made with incorporating CNCs. Similarly, Srithep et al. [197] 
observed micrometer-sized CNF aggregation in a poly (3-hydroxybutyrate-co-3-
hydroxyvalerate) composite that was produced with a multi-step mixing protocol and was 
attributed to CNF network formation during the first processing step involving freeze 
drying of an aqueous suspension of CNFs and the polymer. The results reported herein 
suggested that solution processing could be used as a means of initially compounding the 
nanocomposite to be used as a stock feed for extrusion or other melt mixing techniques 
commonly used to process commercial thermoplastic polymers. 
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4.3 Conclusions 
Three processing strategies were implemented to investigate how they affected CN 
dispersion in an EVOH polymer matrix: a melt processing method, a solution processing 
method, and a sequential processing method with solution and melt processing steps. 
Analysis of optical microscopy images of nanocomposite films indicated that a multi-step 
protocol involving solution and melt mixing steps increased the CNC dispersion and 
distribution more than when CNCs were incorporated with either only a solution or melt 
mixing procedure. The dispersion and distribution of TEMPO CNFs were also 
demonstrated to increase with the implementation of the multi-step protocol, particularly 
in the EVOH matrix with higher vinyl alcohol content. Additionally, POM imaging at 
different temperatures was shown to be an effective characterization tool for CNC 
composites. Comparing images of the composites in the solid state and at temperatures 
where the matrix was melted provided a better indication of component interactions and 
state of CNC dispersion. Specifically, these images indicated differences in matrix 
structuring caused by the addition of CNs for the two EVOH polymers used. Overall, the 
results of this work showed that effective processing strategies for CN composites could 
be constructed by combining conventional operations through consideration of component 
compatibility and stability. 
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CHAPTER 5. STRUCTURE AND PROPERTY INVESTIGATION 
OF ISOTROPIC NANOCOMPOSITES OF 48 MOL.% 
ETHYLENE CONTENT POLYETHYLENE-CO-VINYL 
ALCOHOL REINFORCED WITH CELLULOSE 
NANOMATERIALS 
5.1 Introduction 
The commercial use of EVOH as a food packaging material means thermal, 
thermomechanical, and mechanical properties are all vital to its efficacy as an end-use 
product. Nanofillers have been used as a means of trying to increase these properties in 
EVOH [85, 198, 199]. CNs have also been used in EVOH matrices [74, 75, 79] and many 
other polymer nanocomposite systems in order to increase mechanical properties such as 
strength and modulus [1, 10, 19, 59, 63].  
Several explanations have been given as to how CNCs and CNFs have increased the 
mechanical properties of polymers. Because the CNs of interest in this work are 
dimensionally anisotropic and contain hydrophilic surface groups, the nanoparticles are 
able to interact with one another and form a rigid network due to hydrogen bonding above 
a critical threshold. Additionally, CNFs are able to form a network due to mechanical 
fibrillation during processing [8]. The network forming capabilities of CNs has been 
attributed to the increase in storage modulus as a function of temperature for various 
polymer matrices [28, 43, 90, 95, 96, 142, 143]. Others have demonstrated that stress 
transfer between both polymers and particles as well as between particles plays an 
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important role in mechanical reinforcement efficacy of cellulose nanoparticles in a polymer 
matrix [93, 200, 201]. CNs have also been demonstrated to act as nucleating agents for 
polymer crystal growth [37, 133, 202].  
The purpose of this research is to investigate the thermal, thermomechanical, and 
mechanical properties as well as the structure of CNC- and CNF- reinforced 48EVOH 
nanocomposites as a function of processing strategy implemented. In the previous chapter, 
POM was utilized as an initial understanding of CN dispersion in an EVOH matrix and 
how the nanoparticles affected the microstructure of the nanocomposite. Based on the 
results of POM characterization, two processing strategies will be further investigated in 
this work: the solution method and STM method. The nanocomposites made with these 
processing strategies will be further investigated in order to determine how the 
incorporation and dispersion of CNCs and CNFs affected the resulting nanocomposite 
structure and properties. While work has been reported to increase various properties of 
polymer nanocomposites through alteration of the cellulose surface chemistry, the work 
presented in this chapter will take advantage of the ability to use EVOH with different 
comonomer compositions to determine how matrix selection can also impact CNC and 
CNF dispersion and subsequent thermal, thermomechanical, and mechanical properties of 
the nanocomposite construct. 
5.2 Structure 
5.2.1 XRD 
Figure 5.1 displays the XRD patterns for neat CNCs and CNFs used to develop the 
isotropic nanocomposites. The CNC peaks were located at 2θ values of approximately 
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15.0°, 16.4°, and 22.6° which were ascribed to the (11̅0), (110), and (200) planes, 
respectively, of the monoclinic crystal lattice for the cellulose Iβ allomorph commonly 
associated with wood- based CNCs [1] (Figure 5.1a). The CNF peaks were located at 2θ 
values of approximately 15.0°, 16.9°, 22.2°, and 23.0° (Figure 5.1b). The pattern for CNFs 
was also categorized as a cellulose I structure. Xc for the CNCs and CNFs were calculated 
to be 72% and 46%, respectively. The differences in the crystallinities are due to the 
increased amount of amorphous content associated with CNFs as they are primarily 
mechanically defibrillated as opposed to acid hydrolysis that preferentially attacks 





Figure 5.1 - XRD patterns for (a) CNCs and (b) CNFs. 
 
XRD patterns for the isotropic 48EVOH nanocomposites produced with the STM 
method may be found in Figure 5.2. All patterns exhibited peaks at 2θ values of 10.6° and 
20.5° which were attributed to the orthorhombic crystal lattice (100) and (101) planes of 
EVOH [72]. An additional peak was also observed at a 2θ value of 21.7° in all systems 
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except the neat polymer. Additionally, the intensity of the (100) and (101) peaks increased 
with the incorporation of nanoparticles, although there were no additional peaks observed 
that could be assigned to either the CNCs or CNFs. The calculated Xc and density of the 
matrix crystalline phase were also observed to increase with increased CN loadings (Figure 
5.3). While Xc values for nanocomposites with CNFs were higher compared to 
nanocomposites with similar loadings of CNCs, crystal density of the polymer was only 
higher than both the neat polymer and nancomposites with CNCs when 2.5 wt.% CNFs 
were incorporated with the STM method. These increases in polymer crystallinity and 
crystal density with the addition of CNs suggested the nanoparticles promoted the 
formation of a larger and more perfect polymer crystal structure compared to the neat 




Figure 5.2 - XRD patterns for (a) 0, (b) 1, (c) 2.5, and (d) 5 wt.% CNC/48EVOH and (e) 1 






Figure 5.3 - Calculated Xc (a) and density of the crystalline phase (b) of the 48EVOH 
nanocomposites as a function of either CNC (squares) or CNF (circles) loading made with 
the STM method. 
 
5.2.2 FT-IR 
FT-IR spectra for neat CNCs, CNFs, and TEMPO CNFs may be found in Figure 
5.4. The spectra for the neat cellulosic nanomaterials were normalized with the band 
located at ~1025 cm-1 which had the highest intensity for all three nanomaterials. All three 
CNs had bands located at ~3334, 2900, 1400-1430, and various bands between ~890-1370 
cm-1 which were assigned to -OH bending and stretching, -CH symmetric and asymmetric 
stretching, -CH2 scissor motion, and various deformations and vibrations of the 
anhydroglucose ring, respectively [203, 204]. Additionally, TEMPO CNFs had a 
prominent band present at ~1600 cm-1 which was associated with CO stretching in the 
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carbonyl surface groups of the nanofibrils [205]. There were also bands in all CNs at ~1640 
cm-1 that was attributed to -OH deformations of adsorbed water [204, 206]. 
 
 
Figure 5.4 - FT-IR spectra for (a) CNCs, (b) CNFs, and (c) TEMPO CNFs. 
 
ATR FT-IR analysis was carried out 48EVOH nanocomposites with the aim of 
observing changes in the chemical structure of the polymer matrix with the incorporation 
of CNCs and CNFs via solution and STM methods. From the spectra presented in Figure 
5.5, bands were located at ~3320, 2922, 2850, 1456, 1330, 1135, 1078, and 835 cm-1 for 
each sample which were assigned to -OH bending, -CH asymmetrical and symmetrical 
stretching, -OH deformation, -OH deformation, EVOH crystallinity, CO stretching, and 
EVOH -CH2 vibrations, respectively [207, 208].  The band at ~3320 cm
-1 associated with 





cm-1 when 2.5 wt.% CNCs were incorporated into the 48EVOH matrix with the solution 
or the STM method, respectively. The band located at ~3320 cm-1 was located at either 
similar or higher wavenumber in the polymer and nanocomposite systems produced with 
the STM method versus the solution method.  New bands in the range from 950-1150 cm-
1 appeared in the nanocomposites and increased in intensity with increased loadings of 
CNCs regardless of processing strategy employed, and these were characteristic of CNCs 
[74].  
Spectra of the CNF/48EVOH nanocomposite systems produced with the STM 
method were compared to CNC/48EVOH nanocomposites produced with the same filler 
loadings using the STM method. As can be seen in Figure 5.6, the locations of bands and 
band assignments for 48EVOH nanocomposites with CNFs were similar at 1 and 2.5 wt.% 
loadings to 48EVOH nanocomposites with CNCs produced with the STM method. The 
only exception is the C-O stretching band located at ~1240 cm-1 when 2.5 wt.% CNCs were 
incorporated into 48EVOH with the STM method that were not observed in the 
nanocomposites with CNFs. The band located at ~3320 cm-1 was at a lower wavenumber 
in all 48EVOH nanocomposites with CNFs compared to nanocomposites with similar 
loadings of CNCs and the intensity of this band for CNF- reinforced 48EVOH 
nanocomposites was similar to or lower than the intensity of the band when CNCs were 




Figure 5.5 - FT-IR spectra of (a-d) solution- processed 0, 1, 2.5, and 5 wt.% 














Figure 5.6 - FT-IR spectra of (a) 1 and (b) 2.5 wt.% CNC/48EVOH nanocomposites 
produced with the STM method and (c) 1 and (d) 2.5 wt.% CNF/48EVOH nanocomposites 
produced with the STM method. 
 
5.3 Thermal properties 
In order to understand how the thermal properties of 48EVOH were affected by CN 
addition, values of Tm, and Xc from the first heating cycle were analyzed. The first heating 
cycle values were used since these data would more accurately represent the properties of 
the samples subjected to testing with TGA, DMA, and microtensile testing. In 
addition,values of Tc from the first cooling cycle were examined. The average values for 
Tm, Xc, and Tc are given in Table 5.1.  Values of Tg for the as-processed materials were 
measured primarily by DMA and will be discussed in that section. Considering the 






3 °C of the neat polymer. The Tm values for the composites containing lower CNC loadings 
(1 wt.% and 2.5 wt.%) showed the largest differences with Tm values 2 °C lower and 3 °C 
higher than the neat 48EVOH, respectively.  Xc values for the solution processed 
composites were similar to the neat polymer. When considering the error in Tc values, it is 
possible that the CNCs in the 2.5 wt.% CNC/48EVOH and the 5 wt.% CNC/48EVOH 
composites assisted in nucleation of polymer crystals since their Tc values were slightly 
higher than the neat EVOH. Overall, these results did not suggest that dramatic changes in 
polymer crystalline structure occurred for composites produced by solution processing that 
contained 1-5 wt.% CNCs. 
The composites produced by the STM method showed different trends in Tm and 
Xc. Overall, higher values of Tm and Xc were observed for these composites when 
compared to the neat 48EVOH produced by the STM method. Instead, all of the composites 
had slight to moderate increases in crystallinity. The neat polymer also appeared to be 
affected by STM processing. The value of Xc was lower than that observed for the solution 
processed neat 48EVOH. As with the samples produced by solution processing, a weak 
nucleating effect was observed through small increases in Tc. For these samples, the 
combination of the processing method and CNC addition appeared to affect the crystalline 
structure of the polymer, though the data did not definitively indicate that the neat polymer 
and composite samples were affected uniformly by the processing method. 
When comparing 48EVOH matrix composites with 1 or 2.5 wt.% CNC or CNF 
loadings, the values for Tm were overall higher for the composites with CNCs while the 
composites with CNFs had higher Xc values. The values for Tc were within 1 °C of each 
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other no matter the nanofiller selected to be incorporated into 48EVOH with the STM 
method. These results suggested while the nanocomposites with CNFs had higher percent 
crystallinity, the polymer crystallites were either smaller or made less perfect compared to 
the nanocomposites with comparable loadings of CNCs. The effects of CNFs and CNCs 
on other polymer matrices such as PHBV and PEO have also been discussed. Jun et al. 
[209] reported while the Tm values increased in PHBV matrix nanotcomposites with either 
CNCs or CNFs as the reinforcement phase, the Xc values were overall lower than the neat 
polymer. These changes in the polymer crystallinity were attributed by the authors to the 
particle morphology, i.e. the higher aspect ratio CNFs inhibited polymer crystallization 
more than the shorter rod-like CNCs. Xu et al. [210] also suggested the CNF morphology 
decreased the ability of a PEO matrix composite to crystallize as much as composites with 
comparable loadings of CNCs as the filler due to confinement effects between CNF 






Table 5.1 - Tm,  Xc, and Tc onset of thermal degradation as a function of CNC or CNF 
loading in 48EVOH for systems made with the solution and STM methods. Displayed 
values are averages with standard deviation. 
Loading 
(wt.%) 
Method Tm (°C) Xc (%) Tc (°C) 
0 Solution 151.8 ± 0.2 35.5 ± 1.2 133.4 ± 0.5 
1 Solution 149.8 ± 1.0 32.8 ± 0.6 135.4 ± 2.5 
2.5 Solution 154.8 ± 0.3 32.8 ± 4.8 135.7 ± 0.3 
5 Solution 152.3 ± 0.4 34.8 ± 1.0 135.4 ± 0.7 
10 Solution 153.1 ± 0.4 34.5 ± 1.9 133.3 ± 4.2 
0 STM 152.8 ± 0.5 28.8 ± 1.9 135.1 ± 0.8 
1 STM 156.4 ± 0.9 34.7 ± 2.3 136.1 ± 0.5 
2.5 STM 154.1 ± 0.3 36.5 ± 3.8 136.6 ± 0.1 
5 STM 156.0 ± 1.2 32.5 ± 0.9 136.8 ± 1.4 
10 STM 155.9 ± 0.2 36.9 ± 0.8 136.5 ± 0.2 
1 CNF STM 152.6 ± 0.9 40.7 ± 0.8 135.5 ± 0.2 
2.5 CNF STM 151.7 ± 0.5 40.0 ± 0.1 135.8 ± 0.2 
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To provide a comparison between the materials processed by different methods 
under a more precisely controlled thermal history, the second heating cycle values of Tm 
and Xc were examined. In this situation, polymer structure produced by the processing, 
such as any molecular alignment produced by STM or compression molding should be 
erased. The majority of the samples produced by the two methods showed values of Tm 
and Xc that were similar to those measured on the first heating cycle. The most striking 
difference between the first heating cycle data and the second heating cycle data was 
observed for the neat 48EVOH processed by the STM method. The values obtained during 
the second heating cycle for this material were similar to those of the solution processed 
neat 48EVOH, suggesting that structure differences caused by the processing were not 








Table 5.2 - Second- heat Tm and Xc values as measured with DSC for 0, 1, 2.5, 5, and 10 
wt.% CNC/48EVOH composites made with the solution and STM methods, as well as 1 
and 2.5 wt.% CNF/48EVOH composites made with the STM method. 
Loading (wt.%) Method Tm (°C) Xc (%) 
0 Solution 153.3 ± 0.1 35.0 ± 1.0 
1 Solution 154.7 ± 1.8 35.6 ± 2.4 
2.5 Solution 154.3 ± 0.2 35.5 ± 1.3 
5 Solution 154.1 ± 1.0 35.4 ± 1.0 
10 Solution 150.5 ± 3.7 25.7 ± 8.5 
0 STM 154.8 ± 0.8 32.4 ± 1.2 
1 STM 157.1 ± 0.7 35.4 ± 2.8 
2.5 STM 155.2 ± 0.0 34.9 ± 0.5 
5 STM 156.3 ± 1.2 32.7 ± 1.6 
10 STM 156.3 ± 0.1 38.0 ± 0.8 
1 CNF STM 154.8 ± 0.6 36.1 ± 2.4 
2.5 CNF STM 154.9 ± 0.1 36.7 ± 0.1 
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With regard to the thermal degradation pattern, most of the neat polymer and 
nanocomposite materials exhbited a degradation curve with two mass loss events 
regardless of processing method implemented. The first mass loss ocurred around 100 °C 
resulted in a mass loss of  1 or 2 % in all systems. This mass loss was attributed to 
evaporation of water. The other mass loss event, and the event with the largest mass loss, 
ocurred between approximately 330 °C and 480 °C. This mass loss event was due to 
pyroloysis of the polymer and CNCs, and beyond 480 °C only char remained.  Some 
CNC/48EVOH nanocomposites produced with the solution method exhibited a third mass 
loss event as shown in Figure 5.7. This event ocurred around 245-320 °C for the 
nanocomposite with 5 wt.% CNC loading and 240-265 °C in the nanocomposite with 10 
wt.% CNC loading and was attribued to the degradation of CNCs in the polymer matrix 
[200, 211, 212]. The range over which this additional mass loss event ocurred was at higher 
temperatures than what was measured for a neat CNC or CNF film, approximately 234 °C 
and 287 °C, respectively, and therefore indicated the polymer matrix prevented degradation 




Figure 5.7 - (a) Representative TGA curves for neat CNCs (dashed curved), 48EVOH 
polymer (dotted curve), and 10 wt.% CNC/48EVOH nancomposite (solid curve) produced 
by the solution method. (b) Degradation temperature of first mass loss event after 
accounting for water evaporation for the 48EVOH polymer and nancomposites with CNCs  
made with the solution (triangles) or STM (squares) method and 48EVOH nanocomposites 
with CNFs made with the STM method (circles). Degradation temperatures for CNCs 
(dashed line) and CNFs (dotted line) also reported in (b). 
 
5.4 Mechanical and Thermomechanical properties 
DMA was used to investigate the thermomechanical properties below and above Tg 
of 48EVOH nanocomposites. Figure 5.8 shows E' as a function of temperature for the 
polymer and nanocomposite systems. Selected values for E' below, at, and above Tg may 
be found in Table 5.3. For most of the samples, E' values were higher than the 
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corresponding neat polymers across the temperature range measured. Considering the E' 
data obtained at 30 °C, the values did not increase monotonically with CNC loading. For 
samples made with either the solution or STM method, composites with CNCs had higher 
E' values measured at 30 °C compared to the neat polymers. When comparing the same 
material processed by different methods, a general trend was not observed, i.e. one 
processing method did not produce consistently higher values of E'. Instead differences 
were primarily observed for the neat polymers and the 1 wt.% CNC/48EVOH composite. 
For these two materials, the STM processing method produced higher values of E'. The 
value of E' obtained for the other composites did not vary much as a function of processing 
method, but they did show some changes as the CNC loading changed. In general, the value 
of E' increased with increasing CNC loading, though the 10 wt.% CNC/48EVOH 
composite produced by solution processing had a lower E' value than the 2.5 and 5 wt.% 
CNC/48EVOH composites. Above Tg, the values of E' were similar for materials with the 
same composition, except the 2.5 wt.% CNC/48EVOH composites.  
These results provided more insight into the structure of the materials. For the neat 
48EVOH, the degree of crystallinity was lower for the sample produced by the STM 
method; however, the value of E' for this same material was higher than that for the neat 
48EVOH produced by solution processing. Since the values of E' were similar above Tg, 
structural differences in the amorphous fraction of the material were likely present for the 
neat 48EVOH samples. This structure would be erased above Tg, but the crystalline 
structure would remain in place. This result would suggest that the differences observed 




Figure 5.8 - E' as a function of temperature for neat 48EVOH (circles), 1 wt.% 
CNC/48EVOH (triangles), 2.5 wt.% CNC/48EVOH (diamonds), and 5 wt.% 
CNC/48EVOH (squares) nanocomposites produced by the solution (a) or STM method (b).  
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Table 5.3 - Selected storage modulus values for 48EVOH nanocomposites with CNC filler 
at 30 °C, Tg, and Tg + 20 °C. 
Loading (wt.%) Process E' at 30 °C 
(MPa) 
E' at Tg (MPa) E' at Tg + 20 °C 
(MPa) 
48EVOH Solution 2000 ± 109 1130 ± 22 508 ± 70 
1 CNC Solution 2300 ± 151 1290 ± 59 587 ± 34 
2.5 CNC Solution 2710 ± 44 1380 ± 57 571 ± 25 
5 CNC Solution 2790 ± 12 1440 ± 7 585 ± 1 
10 CNC Solution 2590 ± 10 1750 ± 140 714 ± 15 
48EVOH STM 2340 ± 31 1350 ± 53 575 ± 5 
1 CNC STM 2590 ± 75 1420 ± 16 597 ± 11 
2.5 CNC STM 2600 ± 37 1310 ± 120 442 ± 11 
5 CNC STM 2620 ± 21 1380 ± 78 601 ± 14 
10 CNC STM 2680 ± 56 1560 ± 9 711 ± 6 
1 CNF STM 2740 ± 162 1470 ± 8 539 ± 27 
2.5 CNF STM 2860 ± 71 1480 ± 20 609 ± 14 
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To understand the component interactions more fully, the E' data at 30 °C were 
compared to a micromechanical model. Figure 5.9 shows E' at 30 °C of 48EVOH 
nanocomposites as a function of CNC loading. The particular micromechanical model used 
was the Takayanagi series-parallel model, also known as Model I, as modified by Loos and 
Manas-Zloczower [143, 213] to represent a three phase composite system as shown in 
Equations 5.1-5.3: 
 
𝐸𝑐 =  
(1 − 𝜈)𝐸𝑚𝐸𝑓
𝑎𝑔𝑔 + (𝜈 + 𝜆 − 1)𝐸𝑓𝐸𝑓
𝑎𝑔𝑔

















where Ec is the modulus of the nanocomposite, Em is the modulus of the polymer matrix. 
E' measured at 30 °C was used for the matrix modulus in Equation 2. Ef is the modulus of 
CNCs that are assumed to be fully dispersed, and was assumed to be 50 GPa [59]. Ef
agg is 
the modulus of aggregated or continuous network of CNCs, 1-λ is the volume fraction of 
the networking phase, ν is the volume fraction of CNCs in the nanocomposite, νc is the 
critical volume fraction for percolation, and b is the percolation exponent. In this model, λ 
is equal to one when ν is less than νc, otherwise the calculation of λ follows equation 3. 
CNCs were previously measured with TEM to have an aspect ratio of approximately 21 
[112], and therefore νc was calculated to be 0.033 or approximately 4.6 wt.%. In the initial 
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case assuming CNCs formed a three- dimensional network, the percolation exponent was 
taken to be 0.4. However, the slope of the E' values began to decrease as a function of CNC 
loading at about 1 wt.% for the systems made with the STM method and between 2.5 and 
5 wt.% CNC loadings for the nanocomposites made with the solution method. Therefore, 
both νc and Ef
agg were used as fitting parameters (Figure 5.9a). Curves for the Takayanagi 
Model I were produced using the Solver add-on in Microsoft Excel. Values for fitting 
parameters were assigned by minimizing the sum of the differences between measured and 
theoretical E'. In the case of the three-dimensional network, νc was calculated to be 0.014 
(approximately 2 wt.%) for the systems made with the solution method and 0.0035 (0.5 
wt.%) when they were made with the STM method. Ef
agg was determined to be 
approximately 150 MPa for these systems (Ef
agg was 141 MPa for the polymer and 
composites made with the solution method and 151 MPa when they were made with the 
STM method).  
However, there was still a discrepancy between predicted and measured values for 
E' for the systems made with the STM method, particularly for CNC loadings of 2.5 and 5 
wt.%, when the CNCs were assumed to form a three-dimensional network. Therefore, 
Model I was also calculated assuming that CNCs formed a two-dimensional network for 
both systems (Figure 5.9b). For the two-dimensional Model I, the percolation exponent 
was taken to be 0.14 [214]. νc for the two- dimensional Model I was determined to be 0.033 
(4.6 wt.%) for the systems made with the solution method and 0.007 (1 wt.%) for the 
systems made with the STM method, and Ef
agg was calculated to be approximately 480 
MPa for both systems. The values for νc were higher when the two-dimensional Model I 
was used as opposed to the three- dimensional model, as expected [107]. Based on the 
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minimized error calculated between the experimental values and theoretical values for E', 
experimental values of the nanocomposites made with the solution method matched well 
with the three- dimensional Model I and the data for the systems made with the STM 
method aligned more closely with the two- dimensional model. This suggested CNC 
network formation occurred both in- plane and out of plane for the nanocomposites 
produced with the solution method due to hydrogen bonding among the nanoparticles and 
polymer chains, while network formation occurred in-plane for the nanocomposites made 
with the STM method and was attributed to CNC alignment during filament drawing of the 
melt mixing step subsequently followed by compression molding to consolidate the 
nanocomposite. The overall lower values for νc calculated for 48EVOH nanocomposites 
made with either the solution or STM method suggested the continuous filler phase began 
to possibly contribute to load bearing in the matrix at lower loadings than estimated by 
particle morphology alone due to long- range networking between the matrix and CNCs in 






Figure 5.9 - (a) E' measured at 30 °C compared to the Takayanagi Model I assuming a 
three-dimensional network and (b) E' measured at 30 °C compared to the Model I assuming 
a two- dimensional network for 48EVOH nanocomposites made with the solution (squares) 
or STM method (triangles). Lines depicting Takayanagi model for E' of 48EVOH 
nanocomposites made with the solution (dashed line) or STM method (dotted line) 
displayed in (a) and (b). 
 
 Tg did show changes that were attributable to the processing and the inclusion of 
CNCs. The peak in E" as measured with DMA was used to monitor Tg as a function of 
CNC loading (Figure 5.10). Considering the peak temperature values only, an increase in 
Tg with respect to the corresponding neat polymer sample was observed for all of the 
composites except the 10 wt.% CNC/48EVOH produced by the solution method. For the 
solution processed samples, the largest Tg increase was observed for the 2.5 wt.% 
CNC/48EVOH composite. The value was increased by approximately 10 °C. As the CNC 
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loading increased beyond this value, Tg decreased. The composites produced by the STM 
method showed a different trend. A systematic increase or decrease was not observed with 
changing CNC loading. However, the Tg values of the composites were all higher than the 
neat polymer made with the STM method.  
Beyond the temperature associated with the E" peak maximum, the peak shapes 
and positions were also examined using normalized data. While the two neat polymers 
were largely similar, suggesting similar dynamics for these samples, the composites 
showed different behavior. The E" peaks for some of the solution processed composites 
and all of the STM processed composites were shifted to higher temperatures while the 
shape of the peaks were similar to the neat samples. In some nanocomposite materials, the 
shape of the E" peak has been observed to change with broadening on the high temperature 
side, low temperature side, or both [112, 215]. A change in the peak shape suggests that 
interactions between the nanocomposite components are affecting different populations of 
polymer chains differently, i.e. for high temperature broadening, the component 
interactions are not affecting the polymer chains with faster dynamics but rather affecting 
those that are already more highly constrained. In contrast, a translation of the entire peak 
to higher temperatures suggested that the entire population of polymer chains was affected 
more uniformly and constrained by the interactions between the polymer and the 
nanoparticles. Such behavior has been used as an indicator of nanoparticle dispersion 
where peak translation was associated with more homogeneous nanoparticle dispersion 
[216]. If that interpretation could be applied to these data, then the STM processing method 
would be more effective at dispersing the CNCs for the range of nanoparticle loadings used 
here. Additionally, the peak position was not observed to shift greatly as the CNC loading 
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increased for the STM composites, and for the highest CNC loading used here, 10 wt.%, 
the peak was shifted to slightly lower temperatures than the other composites. This trend 
in Tg values indicated that the amount of interphase in the composite system became 
saturated at low nanoparticle loadings, suggesting more homogeneous dispersion of the 
nanoparticles at the lower loadings. The dispersion level could be decreasing at the highest 
loading since the peak was shifting to lower temperatures. The same general behavior was 
observed for the solution processed samples, but the peak began to shift back to lower 
temperatures at 5 and 10 wt.% CNC, suggesting that the dispersion level was decreased at 
lower loadings than the STM composites. This change could correspond to the arrangement 
of CNCs as well, as suggested by the results of the micromechanical modeling. These 
results indicated that the solution processed sample possessed a three- dimensional 
nanoparticle network, while the STM composites possessed a two- dimensional 
nanoparticle network. The two- dimensional network would have fewer nanoparticle 
contacts at a given loading, allowing higher levels of dispersion at loadings beyond the 





Figure 5.10 - (a) Tg measured as peak in the E" curve for 48EVOH nanocomposites made 
with the solution (squares) or STM method (triangles). E" as a function of temperature for 
0 (circles), 1 (triangles), 2.5 (diamonds), 5 (squares), and 10 wt.% CNC/48EVOH 
nanocomposites (X’s) made with the (b) solution or (c) STM method. 
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E' as a function of temperature is displayed for 48EVOH nanocomposites with 
CNFs produced with the STM method in Figure 5.11. The values of E' below Tg were 17 
and 22% higher than neat 48EVOH when 1 and 2.5 wt.% CNFs were incorporated into the 
polymer matrix, respectively. While the CNC and CNF nanocomposites with 1 wt.% 
loadings had similar values for E' below Tg, the nanocomposite with 2.5 wt.% CNFs had a 
value for E' that was 10% higher than 48EVOH with 2.5 wt.% CNCs (Table 5.3). The E' 
values for the 2.5 wt.% CNF/48EVOH composite were also higher than the 2.5 wt.% 
CNC/48EVOH composite above Tg, but the 1 wt.% CNC/48EVOH composite had higher 
E' values than the 1 wt.% CNF/48EVOH composite in this temperature range. The higher 
E' values of the composite with 2.5 wt.% CNFs as opposed to CNCs both below and above 
Tg were attributed to a combination of higher crystallinity of the polymer matrix of the 2.5 
wt.% CNF/48EVOH composite as determined by XRD measurements and increased 
hydrogen bonding between CNFs and the polymer matrix as observed in FT-IR spectra. 
However, the trends in E' values were different in the composites with lower CN loadings. 
The decreased E' values above Tg for the composites with 1 wt.% CNFs versus CNCs is a 
bit surprising, as it was expected the longer aspect ratio CNFs would be able to more readily 
develop a stiff network which would result in higher E' values above Tg compared to the 
neat polymer and the composites with CNCs in addition to contributions made by hydrogen 
bonding between nanoparticles and the polymer matrix. However, this was explained by 
the aggregation of the CNFs in the matrix that was observed in Chapter 4. The CNF 
aggregation observed in the previous chapter meant the apparent aspect ratio of the 
nanoparticles would be lower and lead to an overall lower reinforcement efficacy in the 
48EVOH matrix above Tg. 
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Tg values as measured by DMA for 1 and 2.5 wt.% CNF-reinforced 48EVOH were 
approximately 5.1 and 7.1 °C higher than neat 48EVOH. When comparing differences in 
Tg of nanocomposites with different CN loadings, the results were not as conclusive; while 
Tg of 1 wt.% CNF/48EVOH was lower than the nanocomposite with similar loadings of 
CNCs, the 2.5 wt.% CNF nanocomposite had a Tg that was 2.6 °C higher than the 
nanocomposite with 2.5 wt.% CNCs. The increase in Tg of the composites with CNFs 
compared to the neat 48EVOH coupled with results from FT-IR suggested hydrogen 
bonding between the CNFs and polymer matrix hindered polymer chain mobility until 








Figure 5.11 - E' as a function of temperature for neat 48EVOH (circles), 1 wt.% 
CNF/48EVOH (triangles), and 2.5 wt.% CNF/48EVOH (squares) produced with the STM 
method. 
 
To complement the DMA data, microtensile testing was performed on the neat 
polymers and the nanocomposites. Figure 5.12 displays the data for yield stress, stress at 
break, and strain at break for the samples. The 10 wt.% CNC/48EVOH nanocomposites 
made with the solution method did not have a yield point, since it failed prior to yielding, 
so no yield stress data were reported for this nanocomposite. Considering the materials 
processed by the solution method, the nanocomposites had higher values of yield stress 
than the neat polymer with a maximum value of yield stress occurring at a CNC loading of 
2.5 wt.%. Conversely, the yield stress values decreased as a function of CNC loading for 
nanocomposites made with the STM method. The difference in yield stress trends with 
processing method were attributed to the behavior of the neat polymer. Similar to the 
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storage modulus data, the neat polymer processed by the STM method had a higher yield 
stress than that processed by the solution method, affecting the trends seen for the 
composites. Even though the trends were different for the two processing methods, the 
values obtained for the composites with 1 and 5 wt.% CNC were statistically similar for 
both processing strategies, suggesting that the processing method did not affect the 
composites’ resistance to elastic deformation. Similar trends were observed for the stress 
at break values. In all cases, the values of yield stress for the composites were statistically 
different than the values for the corresponding neat polymer. 
Unlike the yield stress values, the strain at break values were influenced more 
strongly by the processing method. Notably, the strain at break values were higher in the 
composites produced with the STM method as compared to the solution method. These 
data again suggested that the processing method influenced the polymer structure. The neat 
polymers had very different strain at break values with the STM processed neat polymer 
samples showing much lower strain at break values. Additionally, the processing method 
seemed to have affected the distribution and possibly dispersion of the CNCs since their 
strain at break values were higher than the corresponding solution processed samples. 
These trends suggested CNC distribution and/or dispersion in the 48EVOH matrix was 




Figure 5.12 - (a) Yield strength (filled) and strength at break (open) and (b) strain at break 
as a function of CNC content for EVOH matrix nanocomposites made with the solution 




Figure 5.13 - Representative stress vs. strain curves for the 48EVOH polymers and 
composites made with the (a) solution or (b) STM method. Note: strain axes were formatted 
for easier comparison between processing methods; neat 48EVOH made with the solution 




Figure 5.14 - Yield stress (white) and stress at break (black) for 48EVOH with 1 and 2.5 
wt.% CNCs or CNFs. 
  
The results of spectroscopy, thermal, and mechanical characterization experiments 
indicated that the multi-step STM protocol was more effective at producing CNC/EVOH 
composites with improved performance than the solution processing method. This result 
was consistent with observations discussed in previous work by the authors [118] when 
polarized optical microscopy (POM) was used to elucidate changes in CNC dispersion in 
EVOH. Shifts in the bands associated with hydrogen bonding in the EVOH matrix 
suggested either the bond lengths or bond stiffness of these groups changed as a result of 
the addition of CNCs regardless of processing strategy implemented. Higher Tg as 
measured by DMA when the nanocomposites were made with the STM method as opposed 
to the solution method suggested the STM strategy may have improved polymer-particle 
interactions due to increased dispersion and distribution of CNCs in the matrix. Also, the 
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higher values for Td,1 of the nanocomposites compared to neat CNCs particularly at higher 
loadings suggested the polymer matrix protected the nanofillers from thermally degrading 
until higher temperatures. The increase in strain at break for nanocomposites made with 
the STM method versus the solution method suggested a multi-step protocol including a 
melt-mixing step produced nanocomposites with increased CNC dispersion. 
Thermal and thermomechanical characterization provided insight into the ability of 
CNCs to mechanically reinforce the EVOH matrix. Below Tg, the Takayanagi Model I was 
used to fit the E' data. The alignment of measured E' values for the systems produced with 
either processing method with theoretical values along with observed changes to polymer 
crystallinity from first heat DSC measurements suggested increases in E' were due to the 
CNCs mechanically reinforcing the polymer matrix and network formation of CNCs. 
Additionally, the network formation occurred in three dimensions in the solution method 
due to hydrogen bonding among the moieties during the drying stage followed by 
compression molding, while the CNC network formed in the EVOH matrix with the STM 
method was more in-plane due to filament drawing during the melt mixing step followed 
by compression molding. Additionally, the values observed and calculated for critical 
network formation suggested the hydrogen bonding capability of the polymer matrix 
created a long-range network with the CNCs at lower particle loadings than was expected. 
5.5 Conclusions 
The results presented in this investigation looked at how processing conditions affected 
the thermal and thermomechanical properties of EVOH matrix nanocomposites. Thermal 
properties such as Xc of the neat polymer suggested the polymer structure was affected by 
 110 
the selection of processing strategy, and this resulted in changes to the degradation, 
thermomechanical, and quasi-static mechanical properties when the polymer was 
processed using the solution or STM method. While there were slight differences in 
thermal properties like Xc as measured by DSC when CNCs were introduced to EVOH, 
there was a significant increase in storage modulus and Tg as a function of CNC loading as 
measured by DMA. These increases in mechanical properties suggested there was some 
compatibility between CNCs and the EVOH polymer due to hydrogen bonding between 
the nanoparticles and vinyl alcohol comonomers and thus increased interactions with 
CNCs. The increased mechanical properties below Tg as measured by DMA suggested a 
continuous network of CNCs formed in the EVOH matrix, and the morphology of this 
network was different based on the processing strategy implemented. Additionally, the 
value used to calculate the onset of network formation for CNCs in the Takayanagi Model 
I was significantly lower than the threshold calculated based on geometric considerations 
of the nanoparticles. This lower threshold for networking suggested CNCs and EVOH 
physically interacted to form a longer-range network due to hydrogen bonding between 
particles and polymer chains. Overall, this study provided insight into polymer-particle 
interactions by tuning the processing conditions and contributes to the body of work 
relating to processing- property relationships of polymer nanocomposites made with 
cellulosic nanofiller by identifying a processing pathway to increase dispersion of CNCs 




CHAPTER 6. STRUCTURE AND PROPERTY INVESTIGATION 
OF ISOTROPIC NANOCOMPOSITES OF 44 MOL.% 
ETHYLENE CONTENT POLYETHYLENE-CO-VINYL 
ALCOHOL REINFORCED WITH CELLULOSE 
NANOMATERIALS 
6.1 Introduction 
In Chapters 4 and 5, 48EVOH nanocomposites were investigated both qualitatively 
and quantitatively to determine how processing affected CNC and CNF dispersion and 
structure, thermal, and mechanical properties of the resultant nanocomposites. CNs as 
nanofiller in 48EVOH were demonstrated to increase certain thermal, thermomechanical, 
and mechanical properties of the polymer matrix. The focus of this chapter is to further 
investigate how the incorporation of CNs can impact the structure as well as thermal, 
thermomechanical, and mechanical properties of an EVOH matrix with higher vinyl 
alcohol content. In addition of studying CNCs and CNFs, TEMPO CNFs were investigated 
as a nanofiller in 44EVOH due to the increased hydrophilicity of the nanoparticles from 
chemical pretreatment. It is hypothesized that an EVOH matrix with higher vinyl alcohol 
content will have increased compatibility with any of the three hydrophilic CNs of interest 
in this chapter. However, while EVOH with higher vinyl alcohol content has been 
investigated as a polymer matrix to incorporate CNCs previously [74, 75, 79], the 
degradation temperature of the CNs limits both processing as well as EVOH compositions 
that can be implemented using melt processing methods such as extrusion in the multi-step 
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protocol. The thermal properties of 44EVOH suggest CNs can be incorporated into the 
matrix using extrusion at temperatures that do not risk thermal degradation of the nanofiller 
[76]. The results from POM in Chapter 4 also suggested 44EVOH interacted with the 
nanoparticles differently from the 48EVOH matrix. Therefore, 44EVOH was chosen as the 
matrix of interest in this chapter to increase the breadth of commercially attractive polymer 
matrices that may be used to incorporate CNs as a reinforcement phase. Investigating 
polymer-particle compatibility based on polymer selection rather than altering the surface 
chemistry of the CNs also contributes to the overall understanding of the interaction of 
CNs with thermoplastic matrices. 
6.2 Structure 
6.2.1 XRD 
To better understand how CNs impacted the structure of the 44EVOH matrix, XRD 
patterns were collected for the neat CNs, polymer, and nanocomposites made with the STM 
method. XRD patterns for neat CNCs and CNFs were presented in Chapter 5, and the 
pattern for neat TEMPO CNFs is displayed in Figure 6.1. As with the other CNs, TEMPO 
CNFs displayed diffraction peaks that were typical of a cellulose Iβ allomorph. The 
crystallinity calculated for TEMPO CNFs was approximately 61%, which is less than 
CNCs but higher than CNFs. The crystallinity value calculated for TEMPO CNFs 
suggested the chemical pretreatment prior to mechanical fibrillation assisted in the decrease 
of disordered cellulose regions compared to CNFs, but still had more disordered cellulose 




Figure 6.1 - XRD pattern for TEMPO CNFs. 
 
XRD patterns for CNC- and CNF-reinforced 44EVOH nanocomposites are shown 
in Figure 6.2. Diffraction peaks were observed at approximately 10.7°, 20.4°, and 21.8° in 
all 44EVOH polymer and nanocomposite systems. These peaks were assigned to (100), 
(101), and (200) planes of the orthorhombic crystal structure of EVOH [72]. The 
orthorhombic crystal structure was expected for the neat polymer at this composition of 
ethylene and vinyl alcohol comonomer units, although there is debate as to whether this 
structure represents a pseudohexagonal lattice for vinyl alcohol contents between 40-80 
mol.% ethylene content [70]. The intensity of the peaks, specifically of the peak at 20.4°, 
increased with increasing nanoparticle content which correlated to an increase in Xc. Xc 
and the density of the nanocomposites with CNCs were higher than neat 44EVOH, and the 
nanocomposites with CNFs had overall higher values for Xc compared to 44EVOH matrix 
composites with similar loadings of CNCs. However, the density was higher in CNC-
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reinforced nanocomposites than CNF- reinforced nanocomposites, and the density of the 
nanocomposites with CNFs were lower than the neat polymer (Figure 6.4). This suggested 
while the addition of CNFs led to an overall higher crystalline phase content in the 
44EVOH matrix, the crystals were made less perfect compared to the neat polymer and the 
nanocomposites with CNCs. The opposite was observed for 44EVOH with 1 wt.% TEMPO 
CNFs: Xc was higher than the neat 44EVOH although still lower than the nanocomposites 
with CNCs or CNFs, but the crystal density achieved the highest value in the 1 wt.% 
TEMPO CNF/44EVOH composite compared to the other nanocomposites and neat 
44EVOH. Overall, the Xc values of the nanocomposites suggested the polymer crystal sizes 
increased with the addition of CNs, although the crystal perfection varied depending on 
which nanofiller was selected. When comparing the CNC- reinforced nanocomposites in 
the two different EVOH matrices, the values for Xc were higher in the 44EVOH systems, 
but the density of the crystalline phase was higher in the 2.5 wt.% CNC/48EVOH and 5 
wt.% CNC/48EVOH composites. This suggested that although the amount of crystalline 
phase in the 48EVOH composite systems was smaller compared to 44EVOH, the polymer 
crystals were made more perfect with the addition of CNs in the EVOH polymer with lower 




Figure 6.2 - XRD patterns for isotropic (a) 0, (b) 1, (c) 2.5, and (d) 5 wt.% CNC/ 44EVOH 




Figure 6.3 - XRD patterns for isotropic (a) 1 wt.% TEMPO CNF/44EVOH, (b) 1 and (c) 




Figure 6.4 - Calculated values for (a) Xc and (b) density of the polymer crystalline phase 
as a function of CNC (squares), TEMPO CNF (triangle) or CNF (circles) loading produced 
with the STM method. Values for the neat 44EVOH are denoted with a X symbol. 
 
6.2.2 FT-IR 
Figure 6.5 displays the FT-IR spectra for 44EVOH polymers and nanocomposites 
made with either the solution or STM method. As with 48EVOH nanocomposites discussed 
in Chapter 5, bands were located at ~3320, 2922, 2850, 1456, 1330, 1135, 1078, and 835 
cm-1 for each sample which were assigned to -OH bending, -CH asymmetrical and 
symmetrical stretching, -OH deformation, -OH deformation, EVOH crystallinity, C-O 
stretching, and EVOH -CH2 vibrations, respectively [207, 208]. When comparing 
processing protocols to make 44EVOH nanocomposites, the -OH bending band at ~3320 
cm-1 was observed at similar wavenumbers for a given CNC loading. When compared to 
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the neat polymer, this band shifted to lower wavenumbers when 2.5 wt.% CNCs were 
incorporated by either method and was located at higher wavenumbers when 5 wt.% CNCs 
were incorporated versus neat 44EVOH. The shift to lower wavelengths in the 2.5 wt.% 
CNC/44EVOH nanocomposite indicated an increase in hydrogen bonding character 
between the components [217], while the increase in wavelength of the ~3320 cm-1 band 
in the 5 wt.% CNC/44EVOH nanocomposite was due to the increasing contribution of 
CNCs to the spectra, as the shift was directed toward the ~3334 cm-1 peak found in the neat 
CNC film (Figure 5.4). The increased hydrogen bonding character of some of the 
nanocomposites compared to the neat polymers along with increased Xc values of the 
composites compared to the neat 44EVOH as measured with XRD suggested the 
intermolecular bonding between the CNCs and polymer chains promoted the close packing 
and/or alignment of polymer chains necessary for polymer crystallization and this 
crystalline phase accounted for a higher fraction in the composites than the neat polymers. 
The band at ~1135 cm-1 assigned to EVOH crystallinity generally had a higher intensity at 
a given CNC or CNF loading in the 44EVOH matrix nanocomposites compared to the 
48EVOH matrix nanocomposites discussed in Chapter 5, which is corroborated with the 
Xc values determined from XRD. Also, an additional peak was observed at ~1240 cm
-1 in 
the 44EVOH nanocomposite with 2.5 wt.% CNCs prepared with the solution method, and 
this was assigned to C-O stretching from the CNCs [203]. New bands were observed in the 
range from ~950-1160 cm-1 that were located at bands characteristic of CNCs in the 




Figure 6.5 - FT-IR spectra of (a-d) solution- processed 0, 1, 2.5, and 5 wt.% 
CNC/44EVOH, respectively and (e-h) STM- processed 0, 1, 2.5, and 5 wt.% 
CNC/44EVOH, respectively. 
 
Spectra for 44EVOH reinforced with either TEMPO CNFs or CNFs are displayed 
in Figure 6.6. Bands that were reported in the previous chapter and discussion of 44EVOH 
nanocomposites with CNCs were observed in the spectra for 44EVOH nanocomposites 
reinforced with CNFs or TEMPO CNFs. The band located at ~3320 cm-1 shifted to lower 
wavenumbers for all loadings of either CNFs or TEMPO CNFs regardless of processing 
strategy employed. The largest shift was approximately 13 cm-1 when 2.5 wt.% CNFs were 
incorporated into a 44EVOH matrix with the STM method, although the intensity of the 
band decreased compared to neat 44EVOH and the 44EVOH nanocomposite with 1 wt.% 
CNFs. The wavenumber shift in 44EVOH nanocomposites with TEMPO CNFs was similar 










for the corresponding processing strategy. The wavenumber location of the -OH 
deformations for 44EVOH nanocomposites with 1 wt.% CNFs or TEMPO CNFs was lower 
than the 44EVOH nanocomposites with similar loadings of CNCs, and the intensity of the 
band was similar in both nanocomposite systems. This indicated more hydrogen bonding 
occurred when either TEMPO CNFs or CNFs were incorporated into 44EVOH compared 
to CNCs due to either different anions on the CN surfaces in the case of TEMPO CNFs [4] 
or the availability of more hydroxyl groups on the particle surfaces  in the case of CNFs 
[196] compared to the acid- hydrolyzed CNCs. Increased hydrogen bonding was expected 
for the 44EVOH nanocomposites with TEMPO CNFs, as TEMPO pretreatment of the 
nanofibers has been demonstrated to introduce hydrophilic carboxylate groups on the CNF 
surfaces [218]. Therefore, a polymer matrix with hydrogen bonding capability, such as 
44EVOH with vinyl alcohol comonomers, would be expected to have good compatibility 
with TEMPO CNFs and create hydrogen bonding between the components. When 
compared to 48EVOH matrix nanocomposites, the wavenumber values for the -OH 
stretching band were similar in both matrices investigated for a given particle loading 
except for the nanocomposites with 2.5 wt.% CNFs which was located at a lower 
wavenumber in the 44EVOH matrix compared to the 48EVOH matrix nanocomposite. 
Also, intensity of the band at ~3320 cm-1 was higher in 44EVOH nanocomposites at all 
loadings investigated with either CNFs or TEMPO CNFs which suggested more hydroxyl 
groups on the CN surfaces were exposed and available for bonding with the 44EVOH due 
to increased CN dispersion compared to 48EVOH nanocomposites with comparable 
loadings of CNFs. This increased CN dispersion would be expected in the 44EVOH matrix 
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Figure 6.6 - FT-IR spectra for (a) 1 wt.% TEMPO CNFs/44EVOH produced with the 
solution method, (b) 1 wt.% TEMPO CNFs/44EVOH produced with the STM method and 
(c) 1 and (d) 2.5 wt.% CNFs/44EVOH produced with the STM method. 
 
6.3 Thermal properties 
Thermal properties of the 44EVOH polymer and nanocomposite systems produced 
with either the solution or STM method are presented in Table 6.1. These properties were 
measured by DSC and TGA. When the 44EVOH polymer and nanocomposites were 
produced with the solution method, the nanocomposite with 1 wt.% CNCs displayed the 






neat polymer. The higher Tm value for the 44EVOH nanocomposite with 1 wt.% CNCs 
suggested the nanoparticles assisted with the formation of more perfect polymer 
crystallites, while the similar or decreased values for Tm in 44EVOH nanocomposites with 
higher loadings suggested the nanoparticles either did not affect or disrupted the polymer 
structure when the CNCs were incorporated with the solution method, respectively. 
However, it was observed in some samples of neat 44EVOH, 1 wt.% CNC/44EVOH, and 
5 wt.% CNC/44EVOH produced with the solution method a Tm peak that was located at a 
lower temperature than reported in Table 6.1. The Tm value for this lower peak was located 
at approximately 162 °C in the first heating scan for these samples (Figure 6.7), and was 
not observed in the second-heat scans. One possible explanation for this to have ocurred is 
that there was a population of polymer crystals with a less thermodynamically stable 
structure. However, no polycrystallinity was observed from the XRD patterns. Multiple 
melting peaks have been observed upon heating EVOH polymers with higher vinyl alcohol 
content than studied in the current work [219, 220], and these were attributed to populations 
of polymer crystals with different sizes and degrees of perfection. Therefore, the first- heat 
Tm values observed for neat 44EVOH, 1 wt.%, and 5 wt.% CNC/44EVOH composites 
suggested there was a wide distribution of crystal sizes in the polymer matrix when they 
were made with the solution method. Another and more likely reason for observing 
multiple melting peaks during heating is the melting-recrystallization-remelting of polymer 
crystallites formed at lower temperatures that can reorganize faster than the heating rate 
used in the DSC tests. This phenomenon has been reported for other semicrystalline 
polymers [221-223] when their thermal properties and structure were investigated at faster 
heating rates with FSC. Additionally, only one melting peak was observed during the 
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second heating scan for all samples in DSC tests and also at faster heating rates when 
investigated with FSC (Chapter 7). 
The values for Tc were similar for the nanocomposites compared to the neat polymer 
except for the nanocomposite with 5 wt.% CNCs, which had a Tc value approximately 10 
°C lower than the neat polymer system which further indicated the ability of CNCs to 
disrupt the ability for the polymer to crystallize until lower temperatures compared to the 
neat polymer. A decrease in Tc of a polyoxyethylene matrix was reported when CNCs 
derived from tunicates was incorporated at higher loadings than used in this work [224]. 
The authors attributed this anti-nucleating affect of the CNCs to a combination of increased 
viscosity of the composites compared to the neat polymer as well as hindered mobility of 
polymer chains at the CNC surfaces which decreased the diffusion of polymer chains to 
form polymer crystallites.  Xc for the 44EVOH nanocomposites produced by the solution 
method were lower than the neat polymer, which has also been noted in other 
semicrystalline matrices with CNCs [196] and was attributed to hinderances in the matrix’s 
ability to crystallize due to more favorable polymer-particle interactions or decreased 
interparticle distances between CNCs [225]. Based on the results from FT-IR for 1 and 2.5 
wt.% CNC/44EVOH, increased hydrogen bonding between the CNCs and EVOH may 
have also contributed to the disruption of polymer crystallization. Increased hydrogen 
bonding between nanoparticles and an EVOH matrix have been observed in EVOH matrix 
nanocomposites with other types of nanofillers [80, 82, 85]. This polymer-particle 
hydrogen bonding in addition to confinement effects at higher CNC loadings disrupted the 
hydrogen bonding between polymer chains that  contribute to the overall crystallinity in 




Figure 6.7 - First-heat DSC scan of 1 wt.% CNC/44EVOH composite that displayed two 
melting peaks. 
 
Values for  first-heat Tm and Xc were also lower when 1 wt.% TEMPO CNFs were 
incorporated into the 44EVOH matrix with the solution method, although Tc remained 
similar to the neat polymer system. These thermal properties were also lower than the same 
values for a 44EVOH nanocomposite with 1 wt.% CNCs. However, these changes were 
modest, as the difference in Tm values between the neat polymer, 1 wt.% CNC/44EVOH, 
and 1 wt.% TEMPO CNF composite samples were 5 °C maximum and the crystallinity 
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properties compared to the neat polymer as well as to the nanocomposite with similar 
loadings of CNCs suggested the polymer crystal structure was either moderately disrupted 
or unaffected with the addition of TEMPO CNFs due to increased hydrogen bonding 
between the nanofibers and the polymer matrix. 
Values for Tm, Xc, and Tc were within error of one another in the neat polymer 
samples produced with either the solution or STM method. These similarities in the thermal 
properties suggested the polymer structure was generally unaffected by the processing 
conditions implemented. However, values of  first-heat Tm for CNC-reinforced 44EVOH 
nanocomposites produced with the STM method were generally similar to or lower than 
the same systems produced with the solution method by as much as 3.6 °C when 1 wt.% 
CNCs were incorporated into the 44EVOH matrix. Xc and Tc values were similar between 
the two processing strategies investigated except for the value of Tc at 5 wt.% CNC loading 
which was over 11 °C higher in the system produced with the STM method compared to 
the solution method. However, this difference in Tc values for the 5 wt.% CNC/44EVOH 
composites is due to the anomalous decrease in Tc of the composite made with the solution 
method rather than a significant increase when made with the STM method. This 
suggestion is also punctuated by the fact the value for Tc of the 5 wt.% CNC/44EVOH 
nanocomposite produced with the STM method was similar to the Tc value of the neat 
polymer.  Overall, with the exception of the 5 wt.% CNC/44EVOH composite made with 
the solution method, the Tc values of the composites made with either processing method 
were higher than the neat polymer by approximately 1 or 2 °C. This result indicated the 
CNCs in the specified composites had a slight nucleating affect. 
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When 1 wt.% TEMPO CNFs were incorporated into the 44EVOH matrix with the 
multi-step protocol, the values of first-heat Tm, Xc, and Tc were either similar or only 
increased by approximately 1 °C compared to when the TEMPO CNFs were incorporated 
with the solution method. These values were also either similar to or, in the case of Tc, 
higher than the neat polymer made with either the solution method or STM method. These 
similarities in first- heat data when comparing processing protocols along with the 
differences in Xc and density measured from XRD patterns suggested the choice in 
processing conditions to incorporate TEMPO CNFs into 44EVOH did not significantly 
impact resultant thermal properties and therefore the polymer structure. The changes 
observed in first- heat thermal properties made it difficult to draw any certain conclusions 
about how different nanoparticles affected the polymer structure when comparing 







Table 6.1 - First- heat Tm, Tc, and Xc for 44EVOH polymer and nanocomposites produced 
with either the solution or STM method. 
Particle Loading 
(wt.%) 
Process Tm (°C) Xc (%) Tc (°C) 
0 Solution 165.4 ± 1.4 37.1 ± 0.9 144.3 ± 0.1 
1 Solution 167.7 ± 0.1 34.9 ± 1.6 145.6 ± 0.1 
2.5 Solution 162.7 ± 0.5 32.5 ± 0.5 145.9 ± 0.2 
5 Solution 165.5 ± 1.0 35.7 ± 0.3 134.2 ± 3.0 
1 TEMPO CNF Solution 162.7 ± 0.2 33.5 ± 0.2 144.6 ± 0.3 
0 STM 164.0 ± 0.8 34.6 ± 3.1 143.8 ± 0.7 
1 STM 164.1 ± 0.2 35.6 ± 1.5 145.2 ± 0.1 
2.5 STM 161.8 ± 0.2 32.3 ± 1.0 145.1 ± 0.3 
5 STM 163.9 ± 0.1 37.1 ± 1.5 145.6 ± 0.3 
1 TEMPO CNF STM 163.7 ± 0.1 34.2 ± 1.6 145.2 ± 0.2 
1 CNF STM 164.2 ± 0.4 31.4 ± 1.4 144.5 ± 0.4 
2.5 CNF STM 163.7 ± 0.4 37.0 ± 1.8 145.2 ± 0.3 
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Second- heat data from DSC measurements were expected to provide insight into the 
polymer and composite structures when the systems were subjected to similar, more 
controlled thermal histories (Table 6.2). As with the thermal properties measured during 
the first heating scan, values for Tm and Xc were similar for neat polymers produced with 
either the solution method or STM method. This suggested the polymer structure of the 
neat polymers were similar after a precisely controlled thermal history was imparted. When 
comparing the second- heat data for CNC- reinforced 44EVOH systems produced with the 
solution method, both Xc and Tm decreased as a function of CNC loading by as much as 13 
% and 11 °C, respectively. These changes along with observations from the first heating 
scan further suggested the polymer- particle and particle- particle interactions in the matrix 
disrupted the polymer’s ability to either form crystallites or the crystallites that did form 
were smaller and less perfect than the neat polymer. When 44EVOH nanocomposites were 
produced by the STM method, Xc and Tm values from the second heating cycle were not 
observed to decrease systematically as a function of CNC loading. While Xc values 
measured from both heating scans in DSC of the composites made with the solution method 
suggested increased polymer- particle and/or decreased interparticle distances that 
hindered polymer crystallization, the results from the second heating scan of the 
composites made with the STM method suggested the CNCs did not disrupt the polymer 
structure found in the neat sample. The nanocomposites with 1 wt.% TEMPO CNFs had 
similar thermal properties to one another when produced with either the solution or STM 
method which suggested the polymer structure of these composites was similar when 
produced with either processing method. When compared to neat 44EVOH, the second-
heat thermal properties of the nanocomposites with 1 wt.% TEMPO CNFs were similar 
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regardless of processing strategy implemented. However, Xc decreased when 
nanocomposites with 1 wt.% TEMPO CNFs were compared to nanocomposites with 1 
wt.% CNCs irrespective of processing strategy used. These observations in thermal 
properties suggested there were increased polymer-particle interactions when TEMPO 
CNFs were incorporated as opposed to CNCs. Results from FT-IR characterization 
suggested these increased interactions were due to increased hydrogen bonding between 
TEMPO CNFs and the polymer matrix versus CNCs which disrupted the abiltiy of the 
polymer to crystallize. Values for Tm and Xc were similar in value when compared to the 









Table 6.2 - Second- heat Tm and Xc for 0, 1, 2.5, and 5 wt.% CNC/44EVOH composites, 1 
wt.% TEMPO CNF/44EVOH composite, and 1 and 2.5 wt.% CNF/44EVOH composites. 
Particle Loading 
(wt.%) 
Process Tm (°C) Xc (%) 
44EVOH Solution 165.2 ± 0.1 38.5 ± 0.9 
1 CNC Solution 164.8 ± 0.1 38.7 ± 0.6 
2.5 CNC Solution 164.1 ± 0.0 36.0 ± 0.2 
5 CNC Solution 153.9 ± 2.6 25.7 ± 3.3 
1 TEMPO CNF Solution 164.8 ± 0.1 34.3 ± 1.0 
44EVOH STM 165.2 ± 0.3 35.9 ± 3.6 
1 CNC STM 164.9 ± 0.1 37.4 ± 0.7 
2.5 CNC STM 163.1 ± 0.2 35.4 ± 0.8 
5 CNC STM 164.2 ± 0.1 38.1 ± 0.1 
1 TEMPO CNF STM 164.9 ± 0.1 34.3 ± 0.5 
1 CNF STM 164.7 ± 0.4 35.6 ± 0.8 
2.5 CNF STM 164.6 ± 0.1 36.0 ± 1.6 
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As with the 48EVOH polymer and composite systems discussed in the previous 
chapter, 44EVOH polymer and composite systems exhibited at least two mass loss events 
associated with water loss and pyrolysis of the polymer and nanoparticles. Values of Td,1 
of the 1 wt.% CNC/44EVOH nanocomposites were higher than the neat polymer regardless 
of processing strategy implemented, with the highest value of approximately 36 °C higher 
than the neat polymer when 1 wt.% CNCs were incorporated via the solution method.  In 
addition to the two mass loss events already described, the 2.5 wt.% CNC/44EVOH 
nanocomposite produced with the solution method and the 5 wt.% CNC/44EVOH 
nanocomposite produced with either the solution or STM methods exhibited another mass 
loss event in the range of 240-320 °C that appeared in a similar fashion to 48EVOH 
nanocomposites displayed in Figure 5.7. The additional mass loss event ocurred at lower 
temperatures than the neat polymer (Figure 6.8a) and was attributed to the main 
degradation of the CNCs in the polymer [79, 211]. However, the new mass loss event in 
these nanocomposite systems ocurred at a higher degradation temperature than neat CNs 
and this suggested the polymer was thermally protecting CNs from degradation until higher 
temperatures. Additionally, the degradation temperature for 44EVOH polymer and 
nanocomposites made with the STM method were overall higher than the systems made 
with the solution method and this suggested the polymer structure was different when made 
with the multi-step protocol versus the solution method which made the polymer less 
susceptible to thermal degradation. It has been suggested acetate residues exist in the 
EVOH polymer from incomplete hydrolysis of polyethylene acetate used to synthesize 
EVOH [66, 226], which have a lower degradation temperature than EVOH [227], although 
FT-IR bands for these chemical moities were not observed in the spectra collected for the 
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44EVOH composites. There is, however, evidence of the neat 44EVOH degrading when 
processed with the STM method and this was indicated by an increase in the intensity of 
the peak located at ~1740 cm-1 (Figure 6.8c). Lagaron et al. [228] attributed the increase 
in the intensity of this band to the formation of degradation products of the polymer such 
as double bond formation along the polymer chains. The authors along with Artzi et al. 
[84] also proposed oxidative cross-linking took place during melt mixing of their EVOH 
samples. Therefore, the most likely reason for higher Td,1 values observed in the neat 
polymer processed with the STM method would be degradation of the polymer by way of 
an apparent molecular weight increase of EVOH chains due to cross-linking. The 
remaining polymer chains after melt mixing would then require higher temperatures to 
degrade versus the original structure from solution casting. An increase in the intensity 
band at ~1740 cm-1 was also observed for  the 1 wt.% CNC/44EVOH composite made with 
the STM method compared to the composite produced with the solution method. 
Otherwise, the intensity of the band for the 2.5 wt.% CNC/44EVOH composites was higher 
when made with the solution method, and the intensity of the band for 5 wt.% 
CNC/44EVOH composites were similar. Therefore, the increased Td,1 values for the 
CNC/44EVOH composites when they were made with the STM method versus the solution 
method could be due to increased CNC dispersion when the composites were made with 
the STM method. Increased dispersion would mean more CNCs would be surrounded by 
polymer matrix and thus more nanoparticles would be thermally protected from 
degradation until higher temperatures. 
Td,1 values for nanocomposites with 1 wt.% TEMPO CNFs were overall lower than 
44EVOH nanocomposites with either 1 wt.% CNFs or 1 wt.% CNCs, although the values 
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for the systems with TEMPO CNFs were similar among the processing strategies 
investigated  (Figure 6.8b). While nanocomposites with CNFs had higher values for Td,1 
compared to TEMPO CNFs, the values were similar for a given filler loading when 
compared to nanocomposites with CNCs made with the STM method. Carboxylate groups 
on the surfaces of TEMPO CNFs as a result of the TEMPO chemical pretreatment step 
have been demonstrated to decrease the onset degradation temperature compared to native 
cellulose [218]. While the measured Td,1 values for a TEMPO CNF film and CNC film 
were similar in this work, others [229] have observed a lower degradation temperature for 
CNs produced with a TEMPO pretreatment compared to sulfuric acid hydrolysis. 
Additionally, while TEMPO CNF dispersion was reported to increase in 44EVOH when 
the composite was made with the STM method as opposed to the solution method from the 
results of POM images in Chapter 4, there were still aggregates observed in both composite 
films. These aggregates have less surface area for a given loading compared to CNCs with 
increased dispersion. This coupled with a similar or lower degradation temperature 
compared to untreated CNFs and acid-hydrolyzed CNCs resulted in overall lower Td,1 




Figure 6.8 - (a) Td,1 values of 44EVOH polymers and nanocomposites with CNCs 
incorporated with the solution (circles) or STM (squares) method. (b) Td,1 values of 
44EVOH nanocomposites developed with the solution (blue) or STM (orange) method. 
Degradation temperatures for CNCs (dashed line), TEMPO CNFs (dot-dash), and CNFs 
(dotted) presented as well. (c) FT-IR spectra for neat 44EVOH processed with the (solid 
line) solution method or (dotted line) STM method displaying the bands associated with 
degradation products of 44EVOH. 
 
 135 
6.4 Mechanical properties 
Figure 6.10 displays the E' below Tg as measured by DMA for 44EVOH 
nanocomposites as a function of CNC loading. As can be seen in Figure 6.10a and Figure 
6.9, values of E' below Tg for 44EVOH matrix nanocomposites produced by the solution 
method were higher than the neat 44EVOH polymer across all CNC loadings with a 
maximum increase of 26 % when 2.5 wt.% CNCs were incorporated into 44EVOH. E' 
values were observed to increase with CNC loading up to 2.5 wt.% CNC loading before 
decreasing when 5 wt.% CNCs were incorporated with the solution method. Additionally, 
E' values above Tg for 44EVOH nanocomposites were higher than the neat 44EVOH 
polymer made by the solution method (Figure 6.9). The largest increase in E' above Tg for 
44EVOH nanocomposites produced by the solution method was 38 % when 5 wt.% CNCs 
were incorporated into 44EVOH.  
When the 44EVOH matrix nanocomposites were made with the STM method, E' 
values were higher for the composites compared to the neat polymer across all CNC 
loadings investigated. While E' values below Tg for 44EVOH matrix nanocomposites 
produced by the STM method were lower than values of 44EVOH nanocomposites 
produced by the solution method up to 2.5 wt.% CNC loading, the 5 wt.% CNC/44EVOH 
nanocomposite had a higher E' value below Tg when it was made with the STM method 
versus the solution method. This suggested at the highest CNC loadings investigated in the 
44EVOH matrix, the multi-step protocol increased the ability of the CNCs to reinforce the 
polymer matrix compared to the solution method. Values for E' above Tg were similar or 
higher for 44EVOH matrix nanocomposites than neat 44EVOH when produced by the 
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STM method, and the largest increase was 46 % when 1 wt.% CNCs were incorporated 
into 44EVOH via the STM method (Table 6.3). With the exception of 1 wt.% 
CNC/44EVOH produced by the STM method, values for E' above Tg for composites made 
with the STM method were either similar to or less than E' values for 44EVOH matrix 
nanocomposites produced via the solution method. The E' values of 1 wt.% CNC/44EVOH 
nanocomposite, and to a lesser extent the 5 wt.% CNC/44EVOH nanocomposite, were 
observed to increase with temperature above approximately 96 °C. This behavior has been 
observed in other polymers [230, 231], and was attributed to cold crystallization, or 
crystallization of the polymer during heating rather than cooling. However, this was not 
observed in DSC measurements, where a cold crystallization would result in an exothermic 
peak during the first heating scan. This difference in behavior observed for cold 
crystallization between DSC and DMA studies was attributed to the faster heating rate 
employed during DSC testing which would make it more difficult to detect a cold 
crystallization peak before melting occurred. The crystallinity and crystal phase density of 
the polymer were observed to increase with the addition of CNCs to the matrix using the 
STM method, which suggested the polymer crystal structure was made more perfect or 
larger with the incorporation of the nanoparticles. Overall, E' values of 44EVOH 
nanocomposites were higher than 48EVOH nanocomposites with similar CNC loading and 
processing strategy implemented due to higher vinyl alcohol comonomer content and 




Figure 6.9 - E' as a function of temperature for neat 44EVOH (circles), 1 wt.% 
CNC/44EVOH (triangles), 2.5 wt.% CNC/44EVOH (diamonds), and 5 wt.% 




Table 6.3 - Selected E' values below Tg, near Tg, and above Tg for 0, 1, 2.5, and 5 wt.% 
CNC/44EVOH composites, 1 wt.% TEMPO CNF/44EVOH composites, and 1 and 2.5 
wt.% CNF/44EVOH composites. 
Loading (wt.%) Process E' at 30 °C 
(MPa) 
E' at Tg (MPa) E' at Tg + 20 °C 
(MPa) 
44EVOH Solution 2780 ± 160 1450 ± 130 595 ± 54 
1 CNC Solution 3160 ± 60 1810 ± 4  768 ± 8  
2.5 CNC Solution 3500 ± 85 2020 ± 26 736 ± 6 
5 CNC Solution 3300 ± 37 1760 ± 160  817 ± 50 
1 TEMPO CNF Solution 2690 ± 100 1300 ± 71 539 ± 18 
44EVOH STM 2590 ± 18 1460 ± 50 616 ± 8 
1 CNC STM 3020 ± 42 1480 ± 133 900 ± 211 
2.5 CNC STM 3290 ± 100 1660 ± 87 676 ± 54 
5 CNC STM 3400 ± 22 1900 ± 29 828 ± 34 
1 TEMPO CNF STM 3310 ± 317 1780 ± 150 912 ± 206 
1 CNF STM 3200 ± 26 1350 ± 5 572 ± 21 
2.5 CNF STM 3160 ± 45 1720 ± 81 691 ± 28 
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 As in Chapter 5, Takayanagi Model I was used assuming both two- and three- 
dimensional CNC network formation to more fully understand component interactions in 
the 44EVOH matrix (Figure 6.10) [107, 143, 214]. For both networks, the value for νc 
using the equation derived by Favier et al. [142] was much higher than the apparent CNC 
loading when the change in the behavior in mechanical reinforcement occurred as noted 
by a changed in the slope of the experimental data with respect to CNC loading. The 
theoretical value of νc for CNCs with an aspect ratio of 21 [112] is approximately 4.6 wt.%. 
When calculated using the Solver add-on in Excel to minimize the combined overall 
differences between the theoretical and experimental E' values, the value of νc assuming a 
three- dimensional CNC network was 2 wt.% for 44EVOH nanocomposites produced with 
either processing method. While the combined sum of differences was minimized at 2 wt.% 
for the systems made with either the solution or STM method, the minimum difference 
specifically occurred at 2.5 wt.% for 44EVOH polymer and composites made with the 
solution method and 2 wt.% when they were made with the STM method. The values for 
Ef,
agg
 were calculated as 126 MPa and 187 MPa for CNCs incorporated into the 44EVOH 
polymer using either the solution or STM method, respectively. For the model assuming a 
two- dimensional CNC network, νc was determined to be approximately 2.5 wt.% for both 
processing strategies and the values for Ef
agg were calculated as 818 MPa and 
approximately 47.2 GPa for the 44EVOH nanocomposites made with the solution or STM 
method, respectively. The value of Ef
agg for the 44EVOH nanocomposites made with the 
STM method did not affect the overall difference between experimental and theoretical 
values for modulus when the value was varied between 7 GPa and 47 GPa. These values 
for Ef
agg assuming a two- dimensional CNC network formed, specifically for the modulus 
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values of 818 MPa or 7 GPa, are in line or higher than the Young’s modulus value reported 
for a neat CNC film derived from hardwood  [232] which took into account hydrogen 
bonding between aggregated CNCs rather than individual particle stiffness. The 
differences between the theoretical and experimental values for E' did not definitively 
suggest the CNC network morphology was either two- or three-dimensional. For example, 
the sum of differences for a given processing strategy was the same when the network 
morphology was assumed to be either two- or three- dimensional and νc was taken to be 
2.5 wt.% for 44EVOH systems. Whereas there were νc values for the 48EVOH composites 
that had distinct minimum values that were previously discussed in Chapter 5. Therefore 
the network morphology for 44EVOH composites made with either processing strategy 
was assumed to form in three dimensions based on the depiction of CNC network 
morphology in other polymer matrices [28, 95, 106, 142, 143]. While the modulus values 
for the aggregated particle phase for the three- dimensional CNC network were lower than 
the anticipated modulus, the results suggested the morphology of the CNC network was 
formed in three dimensions and was stiffer when the 44EVOH nanocomposites were 
produced with the STM method as opposed to the solution method. However, these values 
compared to a neat CNC film suggested the hydrogen bonding was weaker in the composite 
films. Additionally, the value for Ef,
agg
 for a given network morphology was higher for 
44EVOH nanocomposites versus 48EVOH nanocomposites produced with the STM 
method which suggested the additional vinyl alcohol comonomer units promoted the 
creation of a stiffer particle network due to stronger long range interactions, i.e. hydrogen 






Figure 6.10 - E' at 30 °C for 44EVOH nanocomposites as a function of CNC loading when 
produced with the solution (circles) or STM (squares) method. The Takayanagi Model I 
fits were calculated for nanocomposites made with the solution (dotted line) or STM (dot 
and dashed line) method assuming the CNCs formed either a (a) three- dimensional or (b) 
two- dimensional network in the polymer matrix. 
 
Tg was higher in the 44EVOH nanocomposites produced with the STM method 
compared to the neat polymer (Figure 6.11a). When compared to the neat 44EVOH 
polymer, the largest increase in Tg was 12.4 °C when 1 wt.% CNCs were incorporated in 
44EVOH via the STM method. Increases in Tg of 44EVOH matrix nanocomposites were 
also higher when the nanocomposites were produced with the STM method as opposed to 
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the solution method, except for the neat polymer systems in which the neat polymer 
produced with the solution method had a higher Tg compared to the neat polymer made 
with the STM method. The difference in Tg of the neat polymers coupled with results 
measured by DSC suggested amorphous polymer phase was less mobile when it was 
processed with the solution method versus the STM method. However, the thermal 
properties such as Tm and Xc measured by DSC indicated the structures of the neat 
polymers made with the different processing methods were similar, and the Tg reported by 
others for a non-annealed 44EVOH polymer measured by DMA is similar to the neat 
polymer made with the STM method [219, 233]. The largest difference in Tg when 
comparing processing methods used to make 44EVOH matrix nanocomposites was 11.2 
°C in 44EVOH with 2.5 wt.% CNCs produced with the STM method versus the solution 
method. The E" peaks were also observed to translate to higher temperatures when CNCs 
were incorporated into the 44EVOH matrix with the STM method, and the shapes of the 
E" curves were similar compared to the neat polymer made with the STM method. This 
suggested the CNCs affected the amorphous fraction of the polymer by immobilizing 
polymer chains until higher temperatures.  
As can be seen in Figure 6.11b, while the peak in the E" curve used to define Tg 
was located at a higher temperature for the neat polymer than the nanocomposites when 
made with the solution method, the nanocomposites with 1 and 5 wt.% CNCs had overall 
higher E" values at temperatures above approximately 80 °C compared to the neat polymer. 
This indicated that the mobility of polymer chains that are already highly constrained was 
hindered further when CNCs were incorporated into the polymer matrix using the solution 
method. Whereas the entire E" peak for the nanocomposites made with the STM method 
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were observed to translate to higher temperatures compared to the neat polymer made with 
the STM method (Figure 6.11c). This suggested all polymer chains were hindered from 
mobilizing until higher temperatures with the incorporation of CNCs and also suggested 
increased particle dispersion when the nanocomposites were made with the STM method 







Figure 6.11 - (a) Tg of the 0, 1, 2.5, and 5 wt.% CNC/44EVOH nanocomposites made with 
the solution (circles) or STM method (squares). E" as a function of temperature for 0 
(circles), 1 (triangles), 2.5 (diamonds), and 5 (squares) wt.% CNC/44EVOH 
nanocomposites made with the (b) solution or (c) STM method. 
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Figure 6.12 displays E' as a function of temperature when either TEMPO CNFs or 
CNFs were incorporated into the 44EVOH matrix. E' below Tg was lower than the neat 
polymer when 1 wt.% TEMPO CNFs were incorporated with the solution method, but 28% 
higher than the neat polymer when incorporated into the matrix with the STM method 
(Figure 6.13a). Additionally, the values of E' for 1 wt.% TEMPO CNF/44EVOH were 
more than double the values of E' for the neat polymer above Tg when the polymer and 
nanocomposite were made with the STM method. The increased E' values across all 
temperatures when 1 wt.% TEMPO CNFs were incorporated into the 44EVOH matrix with 
the STM method suggested the multi-step protocol promoted the mechanical reinforcement 
and development of a stiff network of TEMPO CNFs in the polymer matrix. The increased 
E' values above Tg when the TEMPO CNFs were incorporated with the STM method 
suggested the additional melt mixing step increased particle dispersion and distribution in 
the polymer matrix which would result in an increased apparent aspect ratio of the TEMPO 
CNFs, leading to higher E' values compared to the analogous composite made with the 
solution method. E' was observed to increase by 24% below Tg and 26% above Tg for 
44EVOH when 1 and 2.5 wt.% CNFs were incorporated into the matrix with the STM 
method, but the values of E' were similar in both nanocomposites across all temperatures. 
The E' values below Tg were similar for nanocomposites with either TEMPO CNFs or 
CNFs incorporated with the STM method. The significant differences in reinforcement 
become clear above Tg, when E' of the nanocomposite with 1 wt.% TEMPO CNFs was 
89% higher than the 44EVOH matrix with 1 wt.% CNFs. Assuming the morphology of the 
nanoparticles were approximately the same, the increased E' values suggested the 
differences in surface chemistries as a result of the chemical pretreatment step used to make 
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the TEMPO CNFs promoted the dispersion of the nanoparticles in the polymer matrix and 
formation of a stiffer network than the mechanically processed CNFs. 
When comparing nanocomposites made with all three of the CNs investigated at 1 
wt.% loadings (Table 6.3), E' values below Tg were similar to one another. Above Tg, the 
values of E' were highest in the nanocomposites with TEMPO CNFs or CNCs and lowest 
in the nanocomposite with CNFs. The differences in E' above Tg for the different 
nanomaterials suggested TEMPO CNFs, with more hydrophilic surface chemistry than 
CNFs, and CNCs with higher mechanical properties than CNFs were able to create a stiffer 
network and increase mechanical reinforcement of the amorphous polymer phase more 
than CNFs in the 44EVOH matrix using the STM method.   
In addition to the differences in E' as a function of temperature noted when either 
TEMPO CNFs or CNFs were incorporated into 44EVOH, Tg was also observed to increase 
in the nanocomposites compared to the neat polymer made with the STM method (Figure 
6.13b). The highest Tg occurred when 1 wt.% TEMPO CNFs were incorporated into 
44EVOH with the STM method, which was 16 °C higher than the neat polymer. While Tg 
was higher in nanocomposites with CNFs compared to the neat polymer, these values were 
either similar or lower than nanocomposites produced with comparable loadings of CNCs 
with the STM method. The ability of the TEMPO CNFs and CNFs to increase Tg of 
44EVOH suggested the nanofibrils hindered polymer chain mobility until higher 
temperatures due to increased compatibility between the moieties. The compatibility 
between the TEMPO CNFs or CNFs and 44EVOH matrix was substantiated by increased 
hydrogen bonding character observed in FT-IR spectra.  
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Figure 6.12 - (a) E' as a function of temperature for neat 44EVOH (circles) and 1 wt.% 
TEMPO CNF/44EVOH (triangles) nanocomposites produced with either the solution 
(open shapes) or STM (filled) method. (b) E' as a function of temperature for neat 44EVOH 
(circles), 1 wt.% CNF/44EVOH (triangles), and 2.5 wt.% CNF/44EVOH (squares) systems 




Figure 6.13 - (a) E' at 30 °C and (b) Tg for neat 44EVOH, 1 wt.% TEMPO CNF/44EVOH, 
1 and 2.5 wt.% CNF/44EVOH, and 1 and 2.5 wt.% CNC/44EVOH made with either the 
solution (blue) or STM (orange) method. 
 
With the exception of 2.5 wt.% CNC loadings, the 44EVOH polymer and 
nanocomposite systems made with the STM method had statistically significant higher 
yield strength compared to the corresponding systems made with the solution method, with 
the largest increase of approximately 21% when 5 wt.% CNCs were incorporated into the 
polymer matrix (Figure 6.14a). The nanocomposite with 5 wt.% CNCs was also the only 
system made with the STM method that had a statistically significant different yield 
strength than the neat polymer which was almost 6% higher than the neat polymer. This 
suggested the 44EVOH polymer and nanocomposite systems made with the multi-step 
protocol were able to resist elastic deformation more than when they were made with the 
solution method and the differences in yield strength values were attributed to the neat 
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polymer. Stress at break values were similar between the two processing strategies 
employed, although the nanocomposite with 2.5 wt.% CNCs made with the STM method 
had a 13% higher strength stress at break compared to the neat polymer. The strain at break 
value was also higher for the 2.5 wt.% CNC/44EVOH composite made with the STM 
method in addition to the 5 wt.% CNC/44EVOH composite made with the STM method 
(Figure 6.14b). These increases in strain at break for the composites with higher CNC 
loadings suggested increased CNC dispersion when the composites with higher CNC 
loadings were made with the multi-step protocol as opposed to the solution method. 
Overall, yield stress and stress at break values for 44EVOH polymer and nanocomposites 
were higher than 48EVOH polymer and nanocomposites for a given composition and 
processing method. The differences in strength values for 44EVOH systems compared to 
48EVOH systems suggested the polymer with higher vinyl alcohol content was able to 





Figure 6.14 - (a) Stress values measured at the point of yield (closed symbols) and break 
(open) for 44EVOH polymers and nanocomposites produced with the solution (circles) or 
STM (squares) method. (b) Strain at break for 44EVOH polymers and composites made 
with the solution (circles) or STM (squares) method. 
 
The tensile strength of 44EVOH nanocomposites reinforced with TEMPO CNFs 
and CNFs were analyzed and compared to nanocomposites with similar loadings of CNCs 
to provide a better understanding of mechanical behavior of 44EVOH with different CNs 
incorporated as filler (Figure 6.15). Both the yield stress and stress at break of 44EVOH 
with 1 wt.% TEMPO CNFs were higher when the nanocomposite was processed with the 
STM method versus the solution method, but these stress values were either similar or 
lower than the neat polymer and nanocomposite with 1 wt.% CNCs irrespective of 
processing strategy implemented. The yield stress and stress at break values of 44EVOH 
with either 1 or 2.5 wt.% CNFs incorporated with the STM method were also lower than 
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or similar to either the neat polymer or nanocomposites with TEMPO CNFs or CNCs 
incorporated into the matrix. This behavior has been reported for other nanocomposite 
systems with either CNCs or CNFs in a polymer matrix [209] and was generally attributed 
to the higher likelihood of the CNFs to agglomerate in the polymer matrix and form stress 
concentrations that contributed to an overall lower strength for the composite. 
 
 
Figure 6.15 - (a) Yield stress and (b) stress at break for neat 44EVOH, 1 wt.% TEMPO 
CNF/44EVOH, 1 and 2.5 wt.% CNF/44EVOH, and 1 and 2.5 wt.% CNC/44EVOH made 
with either the solution (blue) or STM (orange) method. 
 
 As with the nanocomposites produced in the 48EVOH matrix discussed in the 
previous chapter, the results from spectroscopy, thermal, thermomechanical, and 
mechanical characterization suggested a multi-step protocol increased hydrogen bonding 
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between the CNs and 44EVOH matrix as well as properties of 44EVOH such as Tg, E', and 
yield strength. Higher Tg as measured by DMA, thermomechanical, and mechanical 
properties when 44EVOH nanocomposites were made with the STM method as opposed 
to the solution method suggested the STM strategy may have improved polymer-particle 
interactions due to increased dispersion and distribution of CNCs and TEMPO CNFs in 
the matrix. Spectroscopy indicated these interactions were through hydrogen bonding 
between the nanoparticles and the vinyl alcohol comonomers of the polymer matrix. 
Property characterization also suggested the polymer structure was more affected by the 
incorporation of CNs rather than processing strategy implemented, as noted by similar 
thermal properties of the neat polymer samples produced with the solution and STM 
methods and the increases in Xc and polymer density with increased CNC loading observed 
from XRD patterns. Therefore, the degree of CN dispersion was impacted by the 
processing choice implemented, and the thermomechanical and mechanical 
characterization results suggested the multi-step protocol increased CN dispersion in the 
44EVOH matrix. However, it must be noted that some results from thermal degradation, 
thermomechanical, and mechanical studies suggested processing strategy did impact the 
polymer structure and particularly the amorphous polymer as noted by differences in Td,1, 
Tg, and yield strength of the neat polymers produced with either the solution or STM 
method.   
 The role of polymer-particle compatibility was significantly tied to the changes in 
thermal, thermomechanical, and mechanical properties of EVOH and this was due to 
differences in the comonomer composition of the EVOH polymers investigated in this 
chapter and the previous chapter. The shifts of the -OH band in 2.5 wt.% CNC/44EVOH 
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nanocomposites observed in FT-IR spectroscopy suggested hydrogen bonding between the 
matrix and the CNs increased compared to the neat polymer. Also, second heat data from 
DSC measurements of solution- processed 44EVOH nanocomposites suggested the EVOH 
with higher vinyl alcohol content was affected more by the incorporation of CNCs as 
increased poylmer-particle interactions occured and led to a disruption in the crystalline 
structure of 44EVOH, a behavior noted in other nanocomposites with an EVOH matrix 
[80, 82, 85]. In addition to the spectroscopy and thermal property changes noted for the 2.5 
wt.% CNC/44EVOH composite, the behavior of some of the thermomechanical and 
mechanical results were also observed to change around this CNC loading regardless of 
processing strategy employed. From micromechanical modelling, it was determined the 
onset of CNC network formation ocurred near this CNC loading, and therefore the 
interparticle spacing was determined to create confinement effects on the polymer matrix. 
Confinement of the polymer in composites with CNC filler has been noted for other 
poylmer matrices such as PHBV [209, 225] and was suggested as the reason for changes 
to the polymer crystallinity above and below the critical particle loading value for the onset 
of network formation.  Polymer confinement between nanoparticles has also been 
attributed to increases observed in the Tg measured by DMA [234].   
E' and Tg for 44EVOH nanocomposites were both higher than the 48EVOH 
nanocomposites independent of processing strategy chosen due to the increase in vinyl 
alcohol comonomer content and thus more opportunities for hydrogen bonding to occur 
between polymer chains as well as between polymers and CNs and reduce the mobility of 
the polymer chains. Modelling of thermomechanical data suggested the CNCs formed a 
stiff three- dimensional network in the polymer matrix due to hydrogen bonding amongst 
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the CNCs and between CNCs and the polymer matrix. The differences in Ef,
agg values in 
44EVOH and 48EVOH nanocomposite systems produced with the multi-step protocol for 
a given network morphology suggested CNCs were more likely to form a stiffer network 
in the polymer matrix with higher vinyl alcohol content in the range of particle loadings 
investigated. The increased hydrogen bonding capability of 44EVOH versus 48EVOH 
with CNs also produced nanocomposites that were more resistant to elastic deformation 
and failure when made with either processing strategy, and particularly at higher loadings 
when made with the STM method. 
Differences in thermal, thermomechanical, and mechanical properties were also 
noted when comparing nanocomposites made with the different CNs. The 
thermomechanical and mechanical properties of nanocomposites with nanofibrils 
suggested at 1 wt.% loadings the nanofibrils were able to disperse in the polymer matrix 
and increase reinforcement of the polymer matrix, particularly above Tg when 1 wt.% 
TEMPO CNFs were incorporated with the STM method. The differences in E' above Tg 
when comparing nanocomposites with TEMPO CNFs as opposed to CNFs suggested the 
surface chemistry of the nanoparticles also played a significant role in their reinforcement 
capacity and networking ability in the 44EVOH matrix. The similarities or decreased 
storage modulus values of the 44EVOH matrix composites with CNFs compared to 
44EVOH matrix composites with similar loadings of CNCs made with the STM method 
suggested the crystallinity and mechanical properties of the nanoparticles played an 
important role in determining resultant thermomechanical behavior of the composites in 
addition to differences in the aspect ratios of the CNCs and CNFs. While it was anticipated 
the higher aspect ratio CNFs would result in higher storage modulus values of EVOH 
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matrix composites compared to composites with similar loadings of CNCs, CNCs 
generally have higher crystallinity than CNFs due to the nature in which they are processed. 
Therefore, CNCs would generally have higher modulus values compared to the nanofibrils.  
6.5 Conclusions 
 In this chapter, an EVOH matrix with higher vinyl alcohol content than the polymer 
used in Chapter 5 was used to study how polymer selection and processing strategy can 
affect CN reinforcement of the matrix material. CNCs, TEMPO CNFs, and CNFs were 
incorporated into 44EVOH via a solution or multi-step protocol including both solution 
and melt mixing methods. The results suggested CNs increased thermomechanical and 
mechanical properties of the 44EVOH matrix and these properties were higher when the 
nanocomposites were made with the STM method as opposed to the solution method. 
Thermal and x-ray analysis of the polymer and nanocomposites suggested the 
incorporation of CNs impacted the structure of the polymer matrix. Increased 
thermomechanical and thermal properties of 44EVOH polymer and nanocomposite 
systems compared to 48EVOH counterparts in Chapter 5 suggested the higher hydrogen 
bonding capacity of 44EVOH lent it to have increased compatibility with the hydrophilic 
CNs. Overall, the results from this chapter provide more insight into how matrix and 
processing selection can impact resultant properties and contributes to the knowledge base 
of CN- reinforced thermoplastic nanocomposites.   
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CHAPTER 7. INVESTIGATION OF THERMAL PROPERTIES 
OF ISOTROPIC NANOCOMPOSITES WITH FAST SCANNING 
CHIP CALORIMETRY 
7.1 Introduction 
DSC is an important characterization tool to determine the thermal properties and 
thermal transitions of material systems and specifically polymers and polymer 
nanocomposites. Polymers and polymer nanocomposites can undergo rapid reorganization 
and thermal transitions upon heating that may not be captured with conventional DSC 
instruments. Also, the processing methods employed for EVOH films such as injection 
molding and injection blow molding have rapid heating and cooling stages that may not be 
readily replicated with conventional DSC. Conventional DSC, with standard heating and 
cooling rates on the order of 10 °C/min, also may not be able to properly capture the thermal 
properties and morphology of polymers and polymer nanocomposite systems during 
processing such as rapid quenching of thin parts during injection molding or blow molding. 
Therefore, the desire to more fully understand polymer structure development at fast 
heating and cooling rates has led to the development of fast scanning chip calorimetry 
(FSC). FSC systems such as the commercially available Flash DSC can operate at heating 
rates up to 40,000 °C/second, and cooling rates up to 4,000 °C/second can be achieved 
[235], while custom FSC systems have been utilized at even higher scanning rates [236]. 
FSC has been employed to study polymers and polymer nanocomposites at fast scanning 
rates in order to determine crystallization kinetics [222, 237, 238] and thermal properties 
in systems with a degradation temperature that is near a thermal transition such as in 
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polyvinyl alcohol [239] or silk fibroins [240, 241]. Polymers such as PLA [242, 243], PTFE 
[244], copolymers [245], polymer nanocomposites [237, 246], and even metals [247] have 
been studied using FSC to more fully understand crystallization kinetics and reorganization 
at scanning rates beyond the scope of conventional DSC. Minakov et al. studied PET [221] 
and isotactic polystyrene (iPS) [222] using a custom FSC based on a thermal conductivity 
gauge for gas a vacuum sensors. They were able to validate reorganization of the polymers 
that was thought to occur during slower heating rates used in DSC. FSC therefore allowed 
the authors to investigate the as-cooled structure of the polymers as a function of thermal 
treatment rather than crystallites that may have melted, reformed, and remelted upon 
heating at slower rates. Wurm et al. [248] studied the metastable structures of two 
polyesters, PET and polybutylene terephthalate (PBT) reinforced with multi-walled carbon 
nanotubes (MWCNTs) with FSC. They observed that nucleation kinetics changed as a 
function of supercooling temperature using 100’s and 1,000’s °C/s cooling and heating 
rates with FSC that better mimic how the polymer crystallizes under processing conditions 
of injection molded parts. Others have confirmed changes in crystallization of polymer 
nanocomposites with commercial and custom FSC such as clay in PA11 [246] and PP 
[237]. Kolesov et al.  reported while neat PA11 crystallization could be suppressed at 
cooling rates as high as 200 °C/s, the presence of organically-modified montmorillonite 
nanoclay prevented full suppression of the crystallization peak up to the maximum cooling 
rates capable of the Flash DSC 1. The use of FSC analysis in conjunction with DSC also 
allowed the authors to conclude nanoclay addition to PA11 significantly impacted its 
crystallization rate only at higher cooling rates that could not be seen with DSC but may 
exist in the as-processed structure of the composite during commercial processing 
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conditions that would be experienced by the polymer part. Overall, FSC has significantly 
contributed to the understanding of crystallization kinetics, metastability, phase formation, 
and reorganization in polymers and polymer nanocomposites during commercially- viable 
processing rates that would otherwise be impossible to probe with rates supplied by DSC.  
FSC was used in this chapter to investigate the role CNCs have on thermal properties 
of an EVOH matrix such as melting temperature and cold crystallization at high cooling 
rates. Reorganization was investigated as a function of scanning rate. While 
nanocomposites with 5 wt.% CNCs and 1 wt.% TEMPO CNFs were investigated, they 
were not included in this discussion due to the significant differences observed in the 
sample morphology when microscope images were examined of the samples adhered to 
the chip. Images of these samples may be found in the appendix (Figure C.1 and Figure 
C.2). 
7.2 FSC 
7.2.1 VH, CC 
In order to determine the heating rate needed to suppress reorganization of 
44EVOH and 48EVOH during heating, VH, CC tests were performed. Figure 7.2 and 
Figure 7.2 shows the heat flow curves and Tm, respectively, obtained from the VH, CC 
tests as a function of heating rate applied to the sample. Two trends were studied in these 
tests: the value of Tm and shifts in the melting temperature as heating rates were changed. 
Analyzing the value of the melting temperature allowed for an understanding of how the 
addition of nanoparticles affected the crystallization. Since all of these samples 
experienced the same thermal history, this effect could be assessed for a given heating rate 
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and as a general behavior across heating rates. Analyzing the shift in Tm with heating rate 
for a given sample allowed for an understanding of reorganization processes in the 
material. The component interfaces in the composite samples were expected to provide 
areas of incomplete polymer organization, metastable structures, and/or crystal nucleation 
sites. The presence of the first two features could be deduced from the dependence of 
reorganization processes of heating rates. If the composites required higher heating rates 
to suppress reorganization, then such structures were likely to be present. Further 
investigations of polymer- particle interactions can be studied by conducting VC, CH 
measurements, as EVOH is reported to undergo changes to its crystal structure at 
sufficiently high cooling rates [72]. Cerrada et al. noted some EVOH polymers with a 
majority vinyl alcohol comonomer content had monoclinic crystal lattices. These EVOH 
polymers underwent restructuring to an orthorhombic lattice when they were quenched 
with increasing cooling rates up to 100 °C/minute. While the crystal lattice was not 
anticipated to change from orthorhombic to another lattice type with higher cooling rates 
such as what were used in this study, the polymer crystal sizes and perfection was still 





Figure 7.1 - Heat flow curves during heating in the VH, CC tests for (a) 48EVOH and (b) 
1 wt.% CNC/48EVOH up to 700 and 1000 °C/s heating rates, respectively. Arrow indicates 









Figure 7.2 - Melting temperature as a function of heating rate for 44EVOH and 48EVOH 
nanocomposite samples. 
 
Based on the melting temperature values measured at the range of heating rates, the 
two EVOH polymers were affected differently by the addition of CNCs. The 1 wt.% 
CNC/48EVOH sample showed a consistently higher Tm than the neat 48EVOH at all of 
the heating rates measured. The differences between Tm values of the 1 wt.% 
CNC/48EVOH composite and those for the neat 48EVOH were not dramatic, generally 
only a few degrees. These results suggested that CNCs had an ability to form more perfect 
polymer crystallites, but the effect was not substantial. Above 1000 °C/s, the measured 
values showed more variability, which was likely related to thermal lag at these rates [249]. 
The 44EVOH nanocomposites showed different trends in Tm with CNC addition. The 
differences in Tm of the neat polymer and nanocomposite system at a given heating rate 
were greater than those seen in the 48EVOH-based samples. When heating rates less than 
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or equal to 1000 °C/s were considered, the 1 wt.% CNC/44EVOH sample had Tm values 
that were approximately 5 °C greater than those of the neat 44EVOH. Above 1000 °C/s, 
the 1 wt.% CNC/44EVOH sample and the neat 44EVOH sample became more similar as 
heating rate was increased.  
In all of the samples studied, there was a decrease in Tm as heating rate increased to a 
minimum point before increasing with increasing heating rate. This behavior in the Tm 
values with heating rate indicated the polymer underwent reorganization during slower 
heating rates up to a critical heating rate at which all reorganization was halted. 
Reorganization of the polymer meant the polymer crystallites were either made more 
perfect, larger, or melted-recrystallized-remelted which would result in crystallites that 
required higher temperature to melt than the original structure present prior to heating. The 
critical heating rate required to reach the minimum Tm for the neat 48EVOH and 48EVOH 
with 1 wt.% CNCs occurred at 500 °C/s. The critical heating rate decreased for 1 wt.% 
CNC/44EVOH compared to the neat 44EVOH. Neat 44EVOH had a critical heating rate 
of 500 °C/s while 44EVOH with 1 wt.% CNCs had a critical rate of 400 °C/s. With the 
exception of neat 44EVOH, there was a range of heating rates immediately after reaching 
the minimum Tm where the Tm would fluctuate before continuously increasing again as a 
function of heating rate. Therefore, the point at which Tm was considered to be increasing 
was defined when there was a 1 °C increase from the minimum Tm to account for these 
variations.  
The trends in Tm with increasing heating rate suggested that the reorganization 
processes were the same or less prevalent in the 1 wt.% nanocomposites since the critical 
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heating rate did not increase. Therefore, it was unlikely that metastable structures were 
present at the component interfaces. Instead the CNCs were more likely serving as 
nucleating agents for EVOH. 
The values of Tm measured with FSC were lower for all samples tested when compared 
to Tm values measured with conventional DSC (Table 5.1 and Table 6.1). This discrepancy 
was likely due to reorganization processes occurring at the heating rates used in 
conventional DSC as well as differences in crystal perfection and size that resulted from 
the different cooling rates used in DSC and FSC. It was anticipated from the results of the 
VH, CC tests that reorganization occurred during heating at slower rates in the polymer 
and nanocomposite since the critical heating rates were 400 °C/s and 500 °C/s. 
Reorganization processes during heating in DSC would produce a more stable crystal 
structure, leading to a higher measured melting temperature. Also, EVOH is known to 
exhibit different crystal lattice structures depending not only on comonomer composition 
but also on thermal history imparted during processing [72, 219, 250, 251]. The cooling 
rates at which Cerrada et al. [72] observed changes to 44EVOH and EVOH polymers with 
higher vinyl alcohol content than investigated in this work occurred at approximately 100 
°C/min (1.67 °C/s) and this new structure was a less dense structure compared to those that 
were slowly cooled from the melt, and Perez et al. [252] determined EVOH polymer melts 
that were rapidly quenched exhibited less crystals and thinner crystals compared to those 
polymers that were annealed for a longer period of time. It was not expected for the 
polymer crystal lattices to be different from the orthorhombic structure reported for these 
EVOH compositions in literature [67, 71, 72, 251] or from XRD patterns discussed in 
Chapters 5 and 6. Therefore, it was anticipated the crystals of both 44EVOH and 48EVOH 
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would be less perfect or smaller at the cooling rates used in FSC tests compared to those 
tested with DSC, which would result in a lower temperature required to melt the polymer.  
7.2.2 VC, CH 
VC, CH tests were conducted to determine what, if any, cooling rate could make both 
EVOH polymers and their nanocomposites fully amorphous. Trends in Tm of the neat and 
composite samples were also examined in these measurements, similar to the VH, CC 
experiments. While tests were conducted on each sample up to a maximum cooling rate of 
4000 °C/s, the maximum cooling rate that was controllable in the composite samples was 
1000 °C/s. Therefore, the Tm values were only presented up to the heating step immediately 
following the 1000 °C/s cooling step. Figure 7.3 shows typical curves from the heating rate 
steps for a sample that was subjected to various cooling rates and a plot of Tm for all 
samples tested as a function of cooling rate used in the step prior to heating. Based on the 
results of the VH, CC tests, a heating rate of 700 °C/s was used to ensure that any changes 
in melting behavior were a result of the cooling rate used and not due to polymer 
reorganization during the heating scan.  For the neat and composite samples, the same 
general trends were seen with regard to melting behavior as a function of heating rate. At 
sufficiently low cooling rates, the subsequent heating scan showed a step change in the 
heat flow in the temperature range of 30-60 °C attributed to Tg and an endothermic peak 
representing the melting transition. As the cooling rate was raised, the subsequent heating 
scans began to show an exothermic peak, indicative of cold-crystallization, before the 
melting peak.  The cold crystallization peak increased in enthalpy as well as shifted to 
higher temperatures when the cooling rate increased and approached a steady value at 
 165 
higher cooling rates. Cold crystallization has been noted in other semicrystalline polymers 
such as PET [253, 254] and PLA [255, 256] when the applied cooling rate was sufficiently 
fast to suppress the crystallization process in the polymer.  
 Nanocomposites had different critical cooling rates for the appearance of a cold-
crystallization peak than the neat polymers. In both EVOH systems, the neat polymer had 
a critical cooling rate of 100 °C/s while the 1 wt.% CNC nanocomposites had a critical rate 
of 200 °C/s, indicating that higher cooling rates were needed to suppress crystallization in 
the nanocomposites. In addition to the appearance of a cold crystallization peak upon 
increased cooling rate to each sample, Tm was observed to decrease and eventually attain 
a constant value at higher cooling rates (Figure 7.3b). This change in Tm values was 
indicative of the melting of crystals formed during cold crystallization that was the 
dominant structure at higher cooling rates. Like the critical cooling rate for cold 
crystallization, the cooling rate needed for Tm to reach a constant value was also different 
between the samples. For neat polymers, the rate was 200 °C/s while the nanocomposites 
required a rate of 400 °C/s to achieve a constant value for Tm. Above the critical cooling 
rate, differences in values of Tm were observed between the nanocomposites and the neat 
polymers, although the noted changes were minimal.  Tm for 1 wt.% CNC/44EVOH was 
approximately 1.4 °C higher than neat 44EVOH, while 1 wt.% CNC/48EVOH was only 
about 0.7 °C higher than neat 48EVOH. Overall, these results were consistent with the 
results of the VH, CC tests that indicated the CNCs were likely acting as nucleating agents 
for EVOH.         
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Figure 7.3 - (a) Heating scan curves of VC, CH tests for 48EVOH. Arrow indicates cold 
crystallization peak position as a function of increasing cooling rate. (b) Melting 








The presence of a cold crystallization peak also coincided with a significant 
decrease in the peak area of the melting transition, representing a lower crystallinity at 
these cooling rates where cold crystallization occurred. To understand how much of the 
crystal structure that was melting was formed during cold crystallization, the difference in 
the areas of the melting peak and the cold crystallization peak were calculated. These 
values are shown in Figure 7.4. When the difference between these peak areas was 
approximately zero, it was assumed that the cooling rate used was sufficient to suppress 
crystallization during the cooling step. The 1 wt.% CNC/44EVOH composite showed the 
melting peak could be suppressed at sufficiently high cooling rates while the difference in 
enthalpy of melting and cold crystallization never approached zero for the neat 44EVOH. 
This observation in the neat 44EVOH suggested some degree of crystallinity was formed 
during the cooling step and the neat polymer could not be made fully amorphous at the 
cooling rates used in this work. The 48EVOH polymer and composite samples behaved 
differently. Both the neat polymer and nanocomposite could be cooled such that 
crystallization was suppressed during the cooling step, but the nanocomposite required 
higher cooling rates for this to be realized. It was expected for 44EVOH to have a more 
stable structure overall compared to 48EVOH due to the increased vinyl alcohol content 
lending to more hydrogen bonding capability and denser packing of polymer chains. 
Therefore, 44EVOH would require faster cooling in order to render it completely 




Figure 7.4 - Total enthalpy as measured upon the subsequent heating step after each cooling 
rate for 44EVOH and 48EVOH nanocomposites during the VC, CH tests. 
7.3 Discussion 
A summary of the results from FSC testing can be found in Table 7.1. For the 
nonisothermal tests conducted on the neat polymers and polymer nanocomposites, the 
heating and cooling rates required to observe changes in critical rates was beyond the 
capabilities of conventional DSC. A minimum melting temperature was observed as a 
function of heating rate for all samples tested. The minimum Tm suggested the polymer 
reorganized upon heating at slower rates than that used to obtain the minimum value of Tm. 
In VC, CH tests, a cold crystallization peak was observed above a critical cooling rate, and 
this observation was coupled with a decrease in the total enthalpy of melting. The results 
of the VC, CH tests indicated the composites and the neat 48EVOH system were able to 
be rendered amorphous with the cooling rates provided by FSC. The introduction of CNCs 
to EVOH resulted in changes to both the critical cooling and heating rates in the first set of 
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tests. The 44EVOH nanocomposite had notable dependences on critical heating and 
cooling rates. While a difference in melting temperatures was observed between the neat 
48EVOH and 48EVOH composite, the difference in melting temperatures was not as 
significantly different as in the neat 44EVOH and 44EVOH composite. A few arguments 
are presented to explain the changes in both EVOH matrices when CNCs were incorporated 
and tested with FSC. 
Table 7.1 - Summary of minimum Tm and critical heating and cooling rates for each sample. 






44EVOH 152 500 100 
1 wt.% CNC/44EVOH 157 400 200 
48EVOH 146 500 100 
1 wt.% CNC/48EVOH 149 500 200 
 
The results of the first VH, CC tests as well as trends in the melting temperature in 
subsequent tests provided insight into component interactions in the two composites. 
Increased vinyl alcohol comonomer content in 44EVOH compared to 48EVOH resulted in 
increased polymer- particle compatibility due to the availability of more hydroxyl groups 
to hydrogen bond with hydrophilic CNCs. This increased polymer-particle compatibility 
then led to crystal structures that required higher temperatures to completely melt 
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compared to neat EVOH which was also in agreement with results from XRD studies in 
Chapters 5 and 6. Previous work by the authors [118] using polarized optical microscopy 
(POM) characterization further suggest the role of comonomer content with polymer-
particle compatibility as the POM images of 44EVOH nanocomposites and 48EVOH 
nanocomposites were different. The increased polymer crystal density and crystallinity as 
measured by XRD for the 44EVOH and 48EVOH along with the increased melting 
temperatures observed in the 1 wt.% CNC composites for both EVOH matrices suggested 
the incorporation of CNCs promoted the perfection and increase in crystallite size of both 
EVOH matrices. 
The changes in critical cooling rate with the addition of CNCs in both EVOH 
matrices studied suggested the CNCs acted as nucleating agents in the polymer matrix, 
delaying the ability for EVOH to become fully amorphous and required faster cooling rates 
to do so. The ability of the CNCs to act as nucleating agents at similar loadings in polymer 
matrices as used in this work has been reported for other nanocomposites when the CNCs 
and polymer matrix were either unmodified or modified with different surface moieties 
[34, 121, 133, 202]. The decrease in melting temperature as the cooling rate increased up 
to the critical cooling rate suggested the crystals that were formed upon cold crystallization 
were either smaller or less perfect than the original structure of the nanocomposites that 
were quenched much slower from the melt. This would also help to explain why lower 
heating rates were required to fully suppress melting in the second set of VH, CC 
experiments, as less perfect crystal structures due to cold crystallization would not require 
as high of heating rates to fully suppress melting. 
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Polymer crystallites that are formed upon cooling are known to be 
thermodynamically metastable. Semicrystalline polymers and polymer nanocomposites 
can exhibit metastable structures due to a number of reasons ranging from defects in crystal 
structure, rigid amorphous regions between crystallites, and the presence of either 
conformationally disordered (condis) crystals or plastic crystals [257, 258]. Therefore, 
upon heating, semicrystalline polymers have the ability to reorganize given the heating rate 
is slow enough to do so. As such, the melting temperature will shift to lower temperatures 
when the heating rate is sufficiently fast enough to suppress reorganization as was observed 
in both EVOH polymers and nanocomposite samples during the first VH, CC tests. 
However, the decrease in critical heating rate in 44EVOH nanocomposite when CNCs were 
incorporated suggested that the CNCs provided the opportunity for the 44EVOH polymer 
to crystallize into a more stable structure that would stop reorganizing at lower heating 
rates. Additionally, the decrease in critical heating rate for the 44EVOH composite as well 
as the lack of change in critical cooling rate for the 48EVOH composite compared to their 
respective neat polymers during the VH, CC tests suggested no additional metastable 
structure was imparted on the polymer at the polymer- particle interfaces, and that the 
metastable structures observed at slower heating rates were located in the bulk polymer 
matrix. 
The changes in thermal properties of both EVOH matrices with the incorporation of 
CNCs along with results from XRD studies in Chapters 5 and 6 also suggested EVOH 
underwent changes in crystallite size and perfection. While EVOH is known to undergo 
changes in crystal structure both as a function of thermal history and composition [72], 
these changes are generally observed to occur at slower cooling rates than what were used 
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in the VH, CC and VC, CH tests and in EVOH polymers with higher vinyl alcohol 
compositions than the EVOH polymers tested in this work. Additionally, the EVOH 
polymers that have been observed to change crystal lattice structure with cooling rate 
imparted were not observed to have significant changes in the melting temperature of the 
polymers before and after quenching, and the polymer lattice remained orthorhombic even 
after annealing [219]. DSC results discussed in Chapters 5 and 6 for 48EVOH and 
44EVOH polymer and composite samples corroborated the findings that the crystal 
structure probably did not change from the first to the second heating step, and changes in 
the Tm values were most likely due to crystal size or thickness changes rather than lattice 
changes. Additionally, while the melting point of EVOH is known to depend on the 
comonomer content, Takahashi et al. [71] observed the crystal structures of 44EVOH and 
48EVOH are similar as measured by wide angle x-ray diffraction. Results from XRD 
studies suggested there were changes in the polymer crystal density of 48EVOH when 
CNCs were incorporated with the multi-step protocol. Although the diffraction pattern of 
neat 48EVOH suggested the polymer organized into an orthorhombic lattice, the higher 
pronouncement of the (100) and (200) diffraction peaks when CNCs were incorporated 
suggested the addition of the nanoparticles increased crystallinity in the polymer matrix. 
While the crystallinity and crystal density increased in 44EVOH as well with the 
incorporation of CNCs, the crystal structure remained orthorhombic regardless of CNC 
loading.  
7.4 Conclusions 
FSC was used to elucidate structural changes in EVOH polymers of different 
comonomer content and loadings of CNCs. Three nonisothermal scanning tests were 
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performed on the polymers and polymer nanocomposites to determine what scanning rates 
are needed to fully suppress reorganization upon heating and crystallization during cooling. 
Shifts of the melting temperature as a function of heating rate in variable heating with 
constant cooling tests suggested the polymers and nanocomposites underwent 
reorganization during heating. Additionally, the polymer nanocomposites were able to be 
made amorphous at cooling rates of 100’s to 1000’s °C/s as noted by a cold crystallization 
peak in the variable cooling with constant heating tests. Nanocomposites with the higher 
vinyl alcohol content polymer matrix required higher cooling rates to make them 
amorphous versus the neat polymer. The critical cooling rate also was observed to increase 
with the addition of CNCs and this suggested the nanoparticles may have acted as 
nucleating agents for the growth of polymer crystallites upon cooling. Overall, FSC was 
demonstrated to be a useful tool for thermal characterization of thermoplastic 
nanocomposites by identifying structural changes that otherwise could not be detected with 
conventional DSC techniques. The results also provided insight into the role of component 
compatibility and reorganization processes for materials used in applications such as food 
and beverage packaging where thermal processing conditions play a key role in resultant 
barrier and mechanical properties.  
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CHAPTER 8. PRODUCING TENSEGRITY-INSPIRED 
MICROSTRUCTURES IN POLYETHYLENE-CO-VINYL 
ALCOHOL REINFORCED WITH CELLULOSE 
NANOMATERIALS 
8.1 Introduction 
Prescribing morphology in polymer nanocomposites offers the opportunity to tailor 
and even affect parameters of the polymer matrix such as thermomechanical [2], electrical 
[259], and optical properties [39, 56]. In this chapter, an external- in approach was used 
via a sequential biaxial mechanical stretching protocol to prescribe morphology in neat 
EVOH polymers as well as polymers with CN reinforcement. Uniaxial stretching and 
biaxial stretching of polymer nanocomposites with CNs has been demonstrated by others 
to increase mechanical, thermomechanical [260], and even gas barrier properties [67] of 
the polymer matrix. Cerrada et al.[261] reported the development of a mesophase structure 
and an increase in orientation of neat EVOH polymers due to polymer chain alignment in 
the direction of stretching when uniaxially stretched as measured by x-ray diffraction. The 
authors also determined uniaxially and biaxially orienting neat EVOH polymers increased 
thermomechanical properties such as E' in the directions of stretching compared to the 
unstretched polymers. Fiber spinning polymer nanocomposites has also been demonstrated 
to increase orientation of polymers and CNs due to elongational flow out of the spinnerets 
[120, 201, 262].  
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The research presented in this chapter looks to apply the concept of tensegrity as a 
means of prescribing morphology in EVOH with CNs through a sequential biaxial drawing 
method. Tensegrity structures may be found in both man-made architectures [174-176, 
178] as well as biological structures [181, 183, 186] and have been demonstrated to provide 
increased mechanical stability when external stresses are applied. Tensegrity- inspired 
microstructures in a polymer nanocomposite construct were demonstrated to increase shear 
storage modulus values as measured with DMA and these increases were higher than either 
the unstretched or uniaxially stretched systems. The orientation of the needle-like 
nanoparticles was confirmed with XRD, and these results coupled with the results from 
DMA suggested the tensegrity- inspired particle arrangements contributed to the overall 
increases in mechanical properties. In the current work, it is anticipated that CNs, with 
higher aspect ratios than the HAp particles previously employed, will increase mechanical 
properties of EVOH when they are arranged in the nanocomposite with the biaxial 
stretching protocol due to increased stress transfer ability of the CNs. The tensegrity- 
inspired microstructures will be formed through a combination of isolated CNs in a 
continuous tensioned phase comprised of the polymer matrix.  
In order to determine if prescribed microstructures were developed with a sequential 
biaxial stretching protocol, thermomechanical and mechanical properties were studied as a 
function of nanoparticle loading, applied uniaxial and biaxial strain, and polymer matrix. 
Processing conditions for creating the prescribed microstructures was also investigated by 
changing the extension rate during the first drawing step. The extension rates for the first 
drawing step were 1 mm/min or 10 mm/min, while the extension rate used for the second 
drawing step for all biaxially stretched samples was maintained at 10 mm/min. The 
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structure and thermal properties of the resulting stretched systems were also reported and 
used to provide further insight into how the polymer structure and orientation changed 
when stretched. 44EVOH and 48EVOH matrix nanocomposites were first uniaxially 
stretched and thermomechanical and mechanical properties of the stretched samples as well 
as results from the previous chapters were used as a basis for the systems selected to further 
investigate for the second biaxial stretching step. For the second stretching step, the 
uniaxially stretched films were rotated 90° and stretched. The biaxially stretched samples 
were characterized for thermomechanical, thermal, and mechanical properties and 
compared to unstretched isotropic and uniaxially stretched systems of the same 
composition.  
8.2 Mechanical properties 
8.2.1 First stretching step 
Thermomechanical and mechanical properties were analyzed for uniaxially stretched 
neat polymers and nanocomposites with either CNCs or CNFs and compared to isotropic 
systems made with the STM method discussed in Chapters 5 and 6. As can be seen in 
Figure 8.1, the value for E' measured in the MD was highest when films such as the 
44EVOH composite with 1 wt.% CNCs was uniaxially stretched to 300% applied strain 
for the systems stretched at a 1 mm/min extension rate. Anisotropy of in-plane storage 
modulus and stress at break values was also observed when the polymers and composites 
were uniaxially stretched (Figure 8.2 and Figure 8.4). E' values for uniaxially stretched 1 
and 5 wt.% CNC/44EVOH composites were higher when measured in the MD compared 
to the neat polymer that was uniaxially stretched at a 1 mm/min extension rate. The increase 
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in E' in the MD when the neat polymer and nanocomposites were uniaxially stretched 
compared to the isotropic systems suggested the orientation of polymer chains and CNs 
increased and long axis of each was aligned in the direction of applied strain. The values 
of E' measured in the MD and CD for the uniaxially stretched systems were compared to 
upper- and lower-bound rule of mixtures micromechanical models shown in Equations 8.1 
and 8.2, respectively: 












where Ec is the modulus of the nanocomposite, Ef is the modulus of the CNCs and was 
assumed to be 50 GPa [59], ν is the volume fraction of CNCs, and Em is the modulus of the 
matrix. The storage modulus value for the composites measured at 30 °C was used as the 
experimental data to compare to the theoretical values calculated for Ec, and the storage 
modulus value for the neat polymers was used for the values of Em. The micromechanical 
models were plotted in Figure 8.3. Values for ν were derived from the wt.% values 
assuming the density for the CNCs was approximately 1.6 g/cm3 [1] and the polymer 
density was 1.14 g/cm3 for either 44EVOH or 48EVOH [76]. Therefore, the values for ν 
were approximately 0.0071, 0.0179, and 0.0361 for 1, 2.5, and 5 wt.% CNC loadings, 
respectively. The experimental E' value for the 1 wt.% CNC/44EVOH composite exceeded 
the theoretical value for the uniaxially aligned system, whereas the experimental values for 
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the MD of 2.5 wt.% and 5 wt.% CNC/44EVOH composites were lower than the theoretical 
value.   
When the 44EVOH polymer and nanocomposite films with CNCs were uniaxially 
stretched with an extension rate of 10 mm/min, there was an increase in the MD E' values 
in composites with 5 wt.% CNC loadings compared to the uniaxially stretched neat 
polymer. The E' value for the 1 wt.% CNC/44EVOH composite that was uniaxially 
stretched was similar to the uniaxially stretched neat polymer considering the spread in the 
E' values measured, and the E' value for the 2.5 wt.% CNC/44EVOH composite measured 
in the MD was lower than the uniaxially stretched neat polymer measured in the MD. 
Overall, the E' values of the uniaxially stretched polymer and composites measured in the 
MD were significantly higher than the E' values measured in the isotropic polymer and 
composite systems. There was qualitatively similar behavior of the experimental results for 
the uniaxially stretched composites compared to theoretical E' values calculated with the 
Rule of Mixtures model (Figure 8.2) with the exception of the stretched 2.5 wt.% 
CNC/44EVOH composite, and the experimentally measured E' for the 5 wt.% 
CNC/44EVOH composite exceeded the theoretical prediction when stretched at 10 
mm/min extension rate. The comparison in measured and theoretical values for E' of 
uniaxially stretched nanocomposites and overall higher values for E' of uniaxially stretched 
systems measured in the MD compared to isotropic samples suggested there may have been 
some alignment of the nanoparticles and/or polymer chains in the direction of testing for 
MD samples compared to the unstretched isotropic systems.  While the neat polymer and 
5 wt.% CNC/44EVOH composite had higher E' values in the MD when the extension rate 
increased, the E' values for the composites with lower CNC loadings were similar 
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regardless of extension rate implemented. The reported changes in the neat polymer were 
attributed to increased orientation of the polymer chains in the direction of applied strain, 
and the increased E' value measured in the MD for the 5 wt.% CNC/44EVOH composite 
was due to the additional polymer orientation as well as increased Xc as measured with 
DSC (Figure 8.18) due to increased alignment of the polymer chains in the direction of 
applied strain. This increased Xc of the 5 wt.% CNC/44EVOH composite would also 
explain the differences in experimental value and theoretical value for E', as the model 
assumes the polymer structure is similar between the neat polymer and composite. The 
decreased value of the stretched 2.5 wt.% CNC/44EVOH composite was also attributed to 
differences in the polymer crystallinity compared to the other polymer and composite 
samples. As was noted in Figure 8.16, the Xc values for the 2.5 wt.% CNC/44EVOH 
composite were lower for the films stretched using the faster extension rate compared to 
the neat polymer, a qualitative trend also noted for the average Xc and Tm values of the 
unstretched composite compared to the unstretched neat 44EVOH polymer discussed in 
Chapter 6 (Table 6.1). This trend in decreased crystallinity of the polymer when the CNC 
loading is near the onset of network formation has been observed in other polymer matrices 
[225] and was attributed to confinement between the particles as the interparticle distances 
decrease near this threshold value. Ten et al. suggested below this threshold CNC loading, 
two mechanisms were competing to determine the resulting polymer crystallinity: the 
ability for the CNCs to nucleate polymer crystals and confinement of the polymer chains 
between CNCs hindering crystallization. Also, above the critical CNC loading, the authors 
observed the CNC network did not hinder the ability of the polymer to crystallize in a 
similar structure to the neat polymer. Therefore, the results suggested the ability of the 
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nanoparticles to confine the polymer motion around the 2.5 wt.% CNC loading reduced 
the ability of the polymer matrix to crystallize and resulted in a lower E' value for the 
stretched sample compared to the other polymer and composite samples. The difference in 
the polymer crystal structure, i.e. higher Xc values, for the composites with other CNC 
loadings was attributed to the increased E' values with respect to the neat polymer. 
  
 
Figure 8.1 - E' at 30 °C as a function of applied strain for first stretching step of neat 







Figure 8.2 - E' at 30 °C for uniaxially stretched 44EVOH polymer and nanocomposites 
stretched at an applied extension rate of (a) 1 mm/min or (b) 10 mm/min. Upper- and lower-
bound rule of mixtures values represented as dashed and dotted lines, respectively, for each 
applied extension rate. 
 
There was also evidence of polymer and CNC orientation in the applied uniaxial 
strain direction for 48EVOH polymer and nanocomposite samples with a 10 mm/min 
extension rate. 48EVOH nanocomposite E' values were higher or similar to the neat 
polymer when measured in the MD. The 1 wt.% CNC/48EVOH composite had a higher 
value for the MD value of E' compared to the theoretical value when the Rule of Mixtures 
was used to predict E' values of uniaxially drawn 48EVOH matrix samples. The difference 
in experimental and theoretical E' values for this nanocomposite was attributed to the 
higher Xc value of the composite as measured by DSC (Figure 8.19) compared to the other 
neat 48EVOH polymer and nanocomposite samples due to increased orientation of the 
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polymer chains in the direction of applied strain. Otherwise the 2.5 wt.% CNC/48EVOH 
composite and the 5 wt.% CNC/48EVOH composite had a lower value for E' than what 
was predicted with the rule of mixtures. The decrease in measured E' value compared to 
predicted values at higher CNC loadings for uniaxially stretched 48EVOH nanocomposites 
suggested the CNCs did not efficiently reinforce the stretched polymer matrix. The 
decreases in experimental storage modulus values for the stretched 48EVOH 
nanocomposites with 2.5 or 5 wt.% CNCs compared to theoretical predictions qualitatively 
matched what was seen in the isotropic composites in Chapter 5, in which the experimental 
E' values of 2.5 and 5 wt.% CNC/48EVOH composites were lower than the theoretical 
values calculated using the Takayanagi Model I. These differences in experimental and 
theoretical values were attributed to CNC agglomeration. Increased anisotropy of the 
thermomechanical and mechanical properties with the addition of CNCs could also be 
explained with increased alignment of the long axis of the nanoparticles in the direction of 
applied strain. CD properties of both the neat polymer and nanocomposites were attributed 
to the behavior of the transverse thermomechanical and mechanical properties of the 
nanoparticles, as well as intermolecular bonding between the components. 
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Figure 8.3 - E' at 30 °C for uniaxially stretched 48EVOH nanocomposites with CNCs tested 
in the MD (dark) and CD (light). Dashed and dotted lines indicate fits for the upper- and 
lower- bound rule of mixtures models, respectively. 
 
 The stress at break data for both 44EVOH and 48EVOH composites that were 
uniaxially drawn with a 10 mm/min extension rate are displayed in Figure 8.4. As can be 
seen in the figure, the stress at break values were statistically similar among the 44EVOH 
and 48EVOH composites with the exception of the 1 wt.% CNC/44EVOH composite 
which was significantly higher than the neat 44EVOH polymer. Overall, the strength 
values measured in MD were significantly higher than the unstretched samples for all 
polymer and composite systems, and the similarity in values of most of the composites 
compared to the neat stretched samples suggested the polymer matrix had a higher 
resistance to failure due to the increased orientation of the polymer chains and there was 
no additional strength benefit provided by the aligned CNCs in the matrix.  
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Figure 8.4 - Stress at break values for (a) 44EVOH and (b) 48EVOH composites uniaxially 
drawn at 10 mm/min measured in the MD (dark) and CD (light).  
Figure 8.5 and Figure 8.6 show the comparisons for E' and stress at break values 
among the uniaxially drawn neat polymers and 1 and 2.5 wt.% CNC or CNF loadings in 
44EVOH composites. As can be seen in Figure 8.5, the E' values for the 1 wt.% CN 
loadings were similar to one another while the composite with the 2.5 wt.% CNF/44EVOH 
composite had a higher E' value compared to the 2.5 wt.% CNC/44EVOH composite. 
However, the E' values for the nanocomposites with CNFs were within error of the 
stretched neat polymer. The differences in the E' values for the 2.5 wt.% CN composites 
was attributed to the differences in the polymer crystallinity measured with DSC due to 




Figure 8.5 - E' values at 30 °C for 44EVOH composites with either 1 or 2.5 wt.% CNCs or 
CNFs uniaxially stretched. 
 
The only composite sample that had a statistically significant different stress at 
break value from the other samples tested was the 2.5 wt.% CNF/44EVOH composite 
sample (Figure 8.6). This composite had a lower stress at break value compared to the 2.5 
wt.% CNC/44EVOH composite, although it was not statistically different from the neat 
44EVOH. This decrease was attributed to CNF aggregation and networking in the polymer 
matrix as can be seen from POM images taken above the melting temperature of the 
polymer matrix (Figure 8.7). The POM results suggested the polymer orientation was 
erased upon melting in the neat polymer sample while there was still orientation of either 
the polymer matrix or CNs in the composite samples. The blue domains that appear for 2.5 
w.t% CNF/44EVOH suggested there were CNFs that did not align in the direction of 
applied uniaxial strain. The networking behavior of CNFs at lower loadings compared to 
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CNCs due to their morphology and higher aspect ratios impeded the alignment of CNFs in 
the applied strain direction, and thus some contribution to the E' value or stress at break 
would be from transverse properties of the nanofibrils. This behavior the decreased values 




Figure 8.6 - Stress at break values for 44EVOH composites with either 1 or 2.5 wt.% CNCs 
or CNFs that were uniaxially stretched.  






Figure 8.7 - POM of uniaxially drawn (a) neat 44EVOH, (b) 1 wt.% CNC/44EVOH, (c) 
2.5 wt.% CNC/44EVOH, (d) 1 wt.% CNF/44EVOH, and (e) 2.5 wt.% CNF/44EVOH when 






8.2.2 Second stretching step 
Because the mechanical properties were higher in both the isotropic and uniaxially 
drawn 44EVOH polymer and nanocomposites compared to 48EVOH samples, the second 
drawing step was implemented and the resultant structure, mechanical, and thermal 
properties were investigated only in the 44EVOH polymer and nanocomposites. Films 
were first drawn in one direction to 300 % applied strain with an extension rate of 1 
mm/min, followed by drawing in the second direction perpendicular to the first drawing 
direction to an applied strain of 150 % and a 10 mm/min extension rate. It was hypothesized 
the arc length traveled by the long axis of the CNCs would be proportional to the draw 
ratio applied to the film when the sequential biaxial stretching protocol was implemented. 
In this context, the draw ratio is calculated by dividing the applied strain used in the first 
drawing direction by the strain applied in the second drawing direction. Thus, for a draw 
ratio of two, the nanoparticles were hypothesized to rotate approximately 45° with respect 
to their original orientation (Figure 8.8). The E' values from DMA were used as a means 
of inferring the orientation of the CNCs and polymer matrix when the films were biaxially 
drawn and were presented in Figure 8.9. As can be seen in the figure, E' values for the neat 
and 1 wt.% CNC/44EVOH samples were higher in the CD compared to MD, while both 
of these values were overall lower in the biaxially stretched sample compared to the MD 
E' values for the uniaxially stretched samples. This suggested the neat polymer and CNC 
loadings below the percolation threshold determined in Chapter 7 were over-rotated such 
that the long axis of the polymer and CNCs were oriented in the second drawing direction 
rather than the first drawing direction. However, the E' values in both the MD and CD for 
the 2.5 wt.% CNC/44EVOH 5 wt.% CNC/44EVOH samples that were biaxially stretched 
 189 
were similar to one another, and the values for the biaxially stretched 2.5 wt.% 
CNC/44EVOH composite were similar or higher than the E' values measured for the 
uniaxially stretched and isotropic nanocomposites. This suggested there was a critical CNC 
loading for which the mobility of the nanoparticles decreased such that they were not over 
rotated to the second drawing direction. This loading was in the vicinity of the critical 





Figure 8.8 - Model depicting the rotation of a CNC during the second drawing step from 
its original orientation such that the long axis is parallel to the first drawing direction to its 




Figure 8.9 - E' values at 30 °C measured in the MD and CD for 0 (blue), 1 (red), 2.5 (green), 
and 5 (gold) wt.% CNC/44EVOH nanocomposites that were isotropic, uniaxially stretched 
with an extension rate of 1 mm/min, and biaxially stretched with a 1 mm/min extension 
rate in the first drawing direction and 10 mm/min extension rate in the second drawing 
direction with a draw ratio of two. Drawn samples were measured in MD and CD. 
 
As can be seen in Figure 8.10, the E' values for the biaxially stretched 2.5 wt.% 
CNC/44EVOH sample were also similar across the range of temperatures tested compared 
to the uniaxially stretched sample measured in the MD, while the E' values for the neat 
sample that was biaxially stretched had lower values across all temperatures when 
compared to the uniaxially stretched sample measured in the MD. In fact, the E' values 
measured in the MD for the biaxially stretched neat 44EVOH decreased to values at or 
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below the unstretched nanocomposite above Tg and this was due to the test samples 
warping at higher temperatures. Likewise, for the uniaxially stretched sample measured in 
the CD, there was a significant decrease in E' when measured above Tg, and this was due 
to a rapid decrease in the sample cross section measured in the instrument attributed to 
relaxation of the polymer chains. Therefore, in order to ensure the modulus values reported 
ideally reflect the mechanical behavior of the testing sample with the original geometry, E' 
as a function of temperature is presented up to 60 °C in Figure 8.10 due to warping observed 
in the uniaxially stretched samples measured in the CD as well as in the biaxially stretched 
neat polymer measured in either direction. The similarity in E' values across the range of 
temperatures tested for the MD E' values of the uniaxially stretched 2.5 wt.% 
CNC/44EVOH composite and the E' values for the biaxially stretched film measured in 
either the MD or CD suggested there was retention of higher E' values across a wide 
temperature range for the composite when it was biaxially stretched compared to the 
isotropic composite. The isotropy of the E' values also increased when the polymer and 
composite were biaxially stretched as compared to the uniaxially stretched samples 
measured in the MD and CD. While the differences in E' values and the increased 
uniformity of the E' values in-plane of the biaxially stretched composite suggested the CNC 
arrangement imparted mechanical reinforcement benefits not observed in the uniaxially 
stretched samples, a biaxially stretched composite made with a faster extension rate during 
the first drawing step was investigated to determine how the microstructures developed 




Figure 8.10 - (a) E' as a function of temperature measured in the MD (filled) and CD (open) 
for neat 44EVOH isotropic (+’s), uniaxially stretched (circles), and biaxially stretched 
(squares) stretched to final applied strain values for 300% with a 1 mm/min extension rate 
in the first drawing direction and 150 % with a 10 mm/min extension rate in the second 
drawing direction. (b) E' as a function of temperature measured in MD (filled) and CD 
(open) for 2.5 wt.% CNC/44EVOH composites that were isotropic (+’s), uniaxially 
stretched (circles) and biaxially stretched (squares) stretched to an applied strain of 300 % 
with a 1 mm/min extension rate in the first drawing direction and 150% with a 10 mm/min 
extension rate in the second drawing direction. 
 
 A faster yet still controllable extension rate for the first stretching step was 
implemented with the universal testing frame to determine if the anticipated prescribed 
microstructures could be constructed. The increased extension rate in the first drawing 
direction was anticipated to increase thermomechanical properties in the polymer and 
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nanocomposites compared to the samples first stretched with a 1 mm/min extension rate, 
particularly in the MD [233]. When the films were stretched with an extension rate of 10 
mm/min for both drawing directions, there was a significant change in the E' values 
observed in the MD and CD (Figure 8.11). While MD and CD E' values for neat 44EVOH 
and 1 wt.% CNC/44EVOH composite samples were similar for the two extension rates, 
the degree of anisotropy between MD and CD for E' of 2.5 and 5 wt.% CNC/44EVOH 
composites increased with the increased extension rate in the first drawing direction. 
Additionally, the E' values measured in the MD decreased for the films stretched with a 10 
mm/min rate versus 1 mm/min, while the E' values measured in the CD increased. The 
change in anisotropy of the measured E' values when the composites were stretched with 
an increased extension rate were attributed to the difference in time it took to stretch the 
samples during the first drawing step. The samples stretched with an extension rate of 1 
mm/min were exposed to temperatures above Tg of the polymer matrix for 10 times longer 
than the film stretched at 10 mm/min extension rate. This would cause some annealing of 
the polymer structure which would be revealed as higher Xc or Tm in DSC measurements. 
Increased annealing of the polymer matrix would then require either faster drawing rates 
or higher applied strains to orient the polymer chains/ CNCs in a similar fashion to what 
was observed for the 10 mm/min samples that indicated anisotropy in the E' values. 
However, the values for Xc were similar among the biaxially stretched samples tested at 
two different extension rates (Figure 8.18), which suggested there was minimal annealing 
of the polymer structure and increased relaxation of the amorphous polymer structure due 
to increase dwell time when the films were stretched at the slower extension rate. 
Similarities in thermal properties measured by DSC were also observed by Franco-Urquiza 
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et al. [263] for a 44EVOH sample that was uniaxially stretched even though they also 
reported increased ultimate tensile stress for the EVOH sample that was stretched with a 
slower extension rate. The authors attributed the differences in mechanical behavior of the 
drawn polymers to annealing during the slower stretching rate as well as proximity to the 
polymer’s characteristic relaxation time. The authors proposed crystal perfection was 
restricted at higher stretch rates due to rapid tensile drawing at a rate that was faster than 
polymer relaxation. Therefore, to prevent over rotation of CNCs and orientation of polymer 
chains in the second drawing direction, it was anticipated a lower applied strain would 
assist in the formation of the tensegrity- inspired microstructures of the 10 mm/min 







Figure 8.11 - E' values at 30 °C measured in the MD (dark) and CD (light) for 0 (blue), 1 
(red), 2.5 (green), and 5 (gold) w.t% CNC/44EVOH nanocomposites biaxially stretched 
with a 1 mm/min extension rate or 10 mm/min extension rate implemented for the first 
drawing direction. Applied strains of 300 % and 150 % were used for the first and second 
drawing directions, respectively. 
 
Based on the results in Figure 8.9, Figure 8.10, and Figure 8.11, the 2.5 wt.% 
CNC/44EVOH nanocomposite was further investigated for the implementation of the 
biaxial stretching protocol using the higher first drawing extension rate but to a lower 
applied strain (Figure 8.12). Neat 44EVOH was also studied at the lower applied strain for 
comparison. Uniaxially stretched samples measured in the CD as well as the biaxially 
stretched neat polymer measured in both the MD and CD exhibited warpage above Tg that 
caused the sample dimensions to be different from the initial conditions during DMA tests. 
This resulted in a significant decrease and/or variability in the E' values at temperatures 
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above approximately 60 °C. Therefore, the curves for the uniaxially stretched polymer and 
composite measured in the CD and the biaxially stretched neat polymer measured in either 
the MD or CD are only presented up to 60 °C in Figure 8.12. When the neat polymer was 
biaxially stretched, values for E' were similar in both the MD and CD and these values 
were higher than or similar to the isotropic polymer across all temperatures tested but lower 
than the uniaxially stretched polymer sample measured in the MD. However, when the 2.5 
wt.% CNC nanocomposite was biaxially stretched, E' values below Tg were higher than 
the isotropic system and similar to the uniaxially stretched sample in the MD. Unlike the 
uniaxially stretched sample, E' values in both MD and CD were similar for the biaxially 
stretched nanocomposite. This suggested not only did the sequential biaxial stretching 
protocol increase isotropy of the thermomechanical properties of the nanocomposite, but 
the properties were higher than if the nanocomposite was unstretched. The increase in 
isotropy of the mechanical properties of the biaxially stretched nanocomposite was 
attributed to the decreased orientation of the polymer and CNCs in the MD and increased 




Figure 8.12 - E' as a function of temperature for (a) neat 44EVOH and (b) 2.5 
wt.%/44EVOH samples that are isotropic (+ symbols), uniaxially stretched (circles) and 
biaxially stretched (squares). Properties of stretched samples were tested in the MD (filled 
symbols) and CD (open). 
The stress at break values for the stretched and unstretched polymer and 2.5 wt.% 
CNC/44EVOH composite were compared to one another and used as a compliment to the 
thermomechanical data. The values for stress at break were used because the yield stress 
was difficult to discern for the stretched samples measured in the MD. As can be seen in 
Figure 8.13, the highest values for stress at break were measured in the MD of the 
uniaxially stretched polymer and composite. Statistical analysis via two-tailed t-tests 
determined the stress at break values for the uniaxially stretched polymer and composite 
measured in the MD were significantly different from both the isotropic and biaxially 
stretched samples measured in the MD. However, there were no statistically significant 
differences in the stress at break values for the polymer or composite samples that were 
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biaxially stretched measured in either the MD or CD when compared to one another as well 
as when these values were compared to the stress at break for the isotropic samples. The 
increase in mechanical isotropy of the biaxially stretched polymer and composite samples 
compared to the uniaxially stretched samples further suggested the polymer/ particle 
orientation decreased in the MD and increased in the CD when the films were biaxially 
stretched as opposed to just uniaxially stretched.  
 
 
Figure 8.13 - Stress at break of 44EVOH and the 2.5 wt.% CNC/44EVOH composite that 
were isotropic, uniaxially stretched with an extension rate of 10 mm/min, and biaxially 
stretched with extension rates of 10 mm/min in both drawing directions. The biaxially 
stretched sample was first stretched to an applied strain of 300% followed by a second 
stretch to an applied strain of 100%. 
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8.3 Structure and morphology 
8.3.1 XRD 
In order to determine how the first and second stretching steps affected the polymer 
and nanocomposite structures of 44EVOH, WAXS patterns were captured with respect to 
MD and CD for the neat 44EVOH and 2.5 wt.% CNC/44EVOH nanocomposite samples 
that were uniaxially stretched to 300% applied strain at a 10 mm/min extension rate and 
biaxially stretched with the 10 mm/min extension rate in both drawing directions and an 
applied strain in the second drawing direction of 100%. As can be seen in Figure 8.14, the 
patterns of the stretched samples appeared different from the isotropic systems. When the 
systems were uniaxially stretched, the peak assigned to (200) was not observed in the neat 
polymer and the (101) peak broadened. While the (200) peak never disappeared in the 
nanocomposite system, the intensity of the (101) peak relative to the (200) peak increased 
and broadened. These changes in the XRD patterns compared to the isotropic systems have 
been attributed to the formation of a mesophase in the polymer matrix due to alignment of 
the amorphous phase in addition to the crystallites when EVOH is stretched to high applied 
strains [233, 261]. However, when the systems were biaxially stretched, the (200) peak/ 
shoulder reappeared in the neat polymer and had a relatively higher intensity with respect 
to the (101) peak in the nanocomposite which suggested there was some long-range 
ordering in direction perpendicular to that plane. When the XRD patterns that were 
collected such that the MD was aligned parallel with the beam and detector was compared 
to patterns collected in the CD (Figure D.6), there were no discernible differences in the 
patterns both when peak positions were compared as well as the intensity of the diffraction 
peaks. Also, because the diffraction peaks associated with CNs could not be deconvoluted 
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from the polymer diffraction peaks, it was difficult to ascertain the orientation of the CNs 
when the composites were uniaxially or biaxially stretched. Therefore, the only structural 
properties of interest that were used to glean differences in the different samples were the 
Xc values and polymer crystal density. Other authors have demonstrated that CNCs [120, 
201] and other nanoparticles [2] in a semicrystalline polymer matrix, as well as neat EVOH 
[261] aligned in the direction of applied strain when the polymer or nanocomposite was 
subjected to uniaxial or biaxial stretching. Therefore, it is likely the CNCs and polymer 
chains were aligned in the direction of applied uniaxial strain in the first drawing direction 
and subsequently being disoriented a certain amount from the first drawing direction when 







Figure 8.14 - XRD patterns for neat (a) 44EVOH (b) 2.5 wt.% CNC/44EVOH isotropic, 
uniaxially, and biaxially stretched samples. 
 
In addition to the differences in the patterns for neat and 2.5 wt.% CNC/44EVOH 
systems when they were stretched, the values for Xc and crystal density were also observed 
to change when the samples were uniaxially and biaxially stretched. Xc of both uniaxially 
and biaxially stretched samples were higher than the respective isotropic polymer and 
nanocomposite, and the crystallinity of the biaxially stretched neat polymer was higher 
than the Xc of the biaxially stretched nanocomposite. These values were similar to those 
reported by others studying structural changes of neat EVOH that was uniaxially or 
biaxially stretched [67]. However, the crystal density was observed to decrease in the neat 
polymer with each stretching step implemented, whereas the density of the nanocomposite 
system increased from the isotropic system when it was biaxially stretched. The increase 
in the crystallinity coupled with a decrease in crystal density, particularly in the uniaxially 
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stretched samples further suggested the development of an aligned mesophase that was not 
necessarily attributed to a perfectly ordered polymer crystalline phase [261]. The changes 
in crystallinity and crystal density of the neat polymer with the sequential biaxial stretching 
method suggested the E' values observed in Figure 8.12 were attributed to changes in the 
polymer structure itself in addition to changes in the polymer chain orientation. The 
similarity in the values for crystallinity of the neat polymer and nanocomposite particularly 
when the samples were uniaxially or biaxially stretched suggested the polymer structure 
was similar in both samples as a result of the stretching protocol implemented. 
 
Figure 8.15 - (a) Xc and (b) density of crystalline phase of neat 44EVOH (blue) and 2.5 
wt.% CNC/44EVOH (red) that were isotropic (lightest color), uniaxially stretched 




8.3.2 Thermal Properties 
Xc values calculated from the first heating cycle of DSC tests for the samples 
stretched in the first drawing direction at different extension rates were compared to 
understand their polymer structures. As can be seen in Figure 8.16, the crystallinity values 
of the neat 44EVOH samples that were uniaxially stretched at either a 1 or 10 mm/min 
extension rate were similar to one another. Additionally, the Xc values were higher in both 
cases when compared to the isotropic neat polymer. This suggested the polymer structure 
was affected by the stretching protocol, i.e. the polymer chain alignment increased when it 
was uniaxially stretched, but the extension rate implemented did not affect the polymer 
structure significantly. 
The thermal properties were observed to change when the CNCs were incorporated 
and the nanocomposites were uniaxially stretched. While Xc values were similar for 1 wt.% 
CNC/44EVOH samples that were uniaxially stretched with either extension rate, the 2.5% 
CNC/44EVOH and 5 wt.% CNC/44EVOH composites exhibited different behavior when 
the extension rate was changed for the first drawing step. The 2.5 wt.% CNC/44EVOH 
composite had the overall lowest values for Xc when uniaxially stretched, and this change 
in polymer structure explained why the E' values were lower for this sample compared to 
the others tested. However, these results do not suggest the samples were annealed when 
they were stretched at the slower stretching rate as anticipated, and therefore the changes 
observed in the E' values were attributed to rapid orientation of the polymer chains that 
was maintained more in the faster stretched samples due to the slower polymer relaxation 
times with respect to the extension rate value applied to the film  [263]. 
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The thermal properties of the uniaxially stretched composites made in the 48EVOH 
matrix also suggested the polymer structure had an important role in determining the 
resultant E' values discussed earlier. The 1 wt.% CNC/48EVOH composite had the highest 
Xc value, although due to the spread in the data, the Xc value for this composite was similar 
to the neat polymer. The Xc values for 2.5 and 5 wt.% CNC/48EVOH composites were 
lower than both the neat polymer and composite with 1 wt.% CNCs. When compared to 
the isotropic samples, all of the polymer and composite samples exhibited higher Xc values 
with the exception of the 2.5 wt.% CNC/48EVOH composite, which had a similar Xc value 
to the isotropic counterpart. The trend in Xc values qualitatively agrees with the trend in E' 
values observed in Figure 8.3 and suggested the CNC agglomeration seen in the 2.5 wt.% 
and 5 wt.% CNC/48EVOH composites prevented the polymer from attaining the same 







Figure 8.16 - Xc values of uniaxially stretched (a) 44EVOH samples with a 1 (white) or 10 
mm/min (black) extension rate and (b) 48EVOH samples stretched with a 10 mm/min 
extension rate. 
When comparing the composites made with CNCs to those made with CNFs, the 
Xc values were overall similar when comparing nanocomposites with comparable 
nanoparticle loadings. This suggested the changes in polymer structure were a result of the 
stretching imparted on the sample rather than the nanoparticle selection. Because the 
polymer structure was similar in the stretched samples, the increase in E' for the 2.5 wt.% 
CNF/44EVOH compared to the neat polymer and 2.5 wt.% CNC/44EVOH composite 
suggested the CNFs were able to better mechanically reinforce the polymer matrix than the 
CNCs when the samples were uniaxially stretched due to increased stress transfer ability 
of the higher aspect ratio nanofibers. 
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Figure 8.17 - Thermal properties for neat 44EVOH as well as 44EVOH with 1 and 2.5 
wt.% CNCs or CNFs incorporated and uniaxially stretched with a 10 mm/min extension 
rate  
 
When the 44EVOH samples reinforced with CNCs were biaxially stretched to an 
applied strain of 150%, the Xc values from the first heating scan were similar to each other 
when comparing the films that were first stretched at different extension rates (Figure 8.18). 
These values were lower than the uniaxially stretched polymer and similar to the isotropic 
polymer. These Xc values measured with DSC corroborate what was observed in the XRD 
patterns for the different stretched samples, as the structure of the biaxial samples had 
displayed some characteristics of the isotropic polymer structure that were not apparent in 
the uniaxially stretched samples. However, the 1 wt.% CNC/44EVOH composite samples 
that were biaxially stretched displayed higher Xc values compared to the neat polymer and 
other composites. The increase in Xc for 1 wt.% CNC/44EVOH did not equate to higher E' 
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values compared to the other composites, and therefore other factors such as CNC content 
and alignment affected the resultant thermomechanical properties when the samples were 
biaxially stretched (Figure 8.11). Otherwise, the 2.5 and 5 wt.% CNC/44EVOH composites 




Figure 8.18 - Xc values measured from first-heat DSC scans for 0, 1, 2.5, and 5 wt.% 
CNC/44EVOH composites that were biaxially stretched with either a 1 mm/min (white) or 
10 mm/min (black) extension rate for the first drawing direction.  
 
  Figure 8.19 displays the Xc values measured from the first heating rate of DSC tests 
for neat 44EVOH and 2.5 wt.% CNC/44EVOH composite samples that were isotropic, 
uniaxially stretched, and biaxially stretched using the 10 mm/min extension rate for both 
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stretching steps, as well as a 100% applied strain for the second drawing step. As can be 
seen in the figure, the trends and values for Xc were similar for the neat polymer and 
composite regardless of stretching step analyzed. The Xc values were overall higher in the 
stretched samples due to increased polymer alignment than the isotropic samples. These 
Xc values suggested while the polymer structure changed as a result of either uniaxial or 
biaxial stretching, the polymer structure was similar whether there were CNCs present or 
not. These results lend credence to CNC alignment imparting additional mechanical 
reinforcement abiltiy when taking into account measured E' values observed in Figure 8.12 
even though neither polymer nor CNC orientation could not be explicitly elucidated from 







Figure 8.19 - Thermal properties of neat 44EVOH (blue) and 2.5 wt.% CNC/44EVOH 
(red) samples that were isotropic (light), uniaxially stretched (medium), and biaxially 
stretched (dark). 
 
The results from thermomechanical, mechanical, XRD, and thermal 
characterization suggested additional reinforcement benefits could be attained when the 
CNCs were arranged in prescribed microstructures in the matrix through a biaxial 
mechanical drawing method. Mechanical and thermomechanical properties were used to 
infer CNC and polymer orientation in the nanocomposites after each drawing step, as 
orientation analyzed from XRD patterns was inconclusive. When the polymer and 
nanocomposites were uniaxially stretched, the thermomechanical and mechanical 
properties increased, and the anistropy of these properties increased with the exception of 
the 2.5 wt.% CNC/44EVOH composite. These results suggested the polymer and CNCs 
aligned in the direction of applied strain, and this was expected [233, 260] as the stiffness 
 210 
and mechanical properties of the polymer and nanoparticles are known to be higher along 
certain axes of individual polymer chains, polymer crystallites and anisotropic 
nanoparticles [1, 264, 265]. The notable difference in the mechanical and 
thermomechanical properties of the uniaxially stretched 2.5 wt.% CNC/44EVOH 
nanocomposite were intriguing, but were attributed to the decreased crystallinity of this 
sample compared to stretched composites with different particle loadings due confinement 
of the polymer chains at a CNC loading that approached the onset of network formation.  
In order to determine the role CNC incorporation and arrangement in the 44EVOH 
matrix had on the thermomechanical properties of the composite, a new term ΔE' was 
defined and calculated in Equation 8.3: 
  ∆𝐸′𝑛 = 𝐸
′
𝑛,𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 − 𝐸′𝑛,𝑝𝑜𝑙𝑦𝑚𝑒𝑟 8.3 
  
where E'composite is the storage modulus value of the composite for the given stretching step, 
n, and E'polymer is the storage modulus for the neat polymer for a given stretching step, n. 
The term n is used to denote the given stretching step such as isotropic, uniaxial, or biaxial. 
For the values calculated for stretched samples, E' values measured in the MD were used 
for the calculations. As can be seen when the ΔE' values are plotted as a function of 
temperature (Figure 8.20), the CNCs contributed differently to the overall 
thermomechanical behavior of the composite depending on the stertching step 
implemented and the temperature. Values above zero indicate increased reinforcement by 
the CNCs for a particular stretching step, while values below zero indicate mechanical 
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behavior predominately directed by the polymer. The values for the isotropic samples 
indicated the CNCs contributed to the overall mechanical reinforcement of the polymer 
matrix across all temperatures, but this contribution decreased as the temperature increased 
above the Tg of the neat polymer. When the samples were uniaxially stretched, the values 
were all below zero across the entire temperature range tested and this coincided with a 
decrease in Xc for the 2.5 wt.% CNC/44EVOH composite compared to the neat stretched 
44EVOH sample. This suggested the mechanical behavior was primarily dictated by the 
changes in the polymer structure when the samples were uniaxially stretched as opposed 
to the particle alignment at 2.5 wt.% CNC loadings. However, when the samples were 
biaxially stretched the values were above zero across all temperatures and remained 
relatively constant through the Tg of the isotropic polymer and composite. Xc as measured 
by XRD and DSC indicated the polymer structure was similar in both the neat polymer and 





Figure 8.20 - ΔE' values calculated to compare the contribution of CNC incorporation into 
the 44EVOH matrix when it was isotropic (circles), uniaxially stretched (triangles), and 
biaxially stretched (diamonds). Vertical lines indicate the Tg of the isotropic neat polymer 
(dotted line) and composite (solid line). 
 
 The relative contributions of the stretching steps and the CNCs were also compared 
by normalizing the E' values of the stretched polymer as well as the isotropic and stretched 
composite with respect to the isotropic neat polymer. These values were labelled as E'r, 
calculated for the MD for stretched samples in Equation 8.4 and are displayed in Figure 
8.21.  
 









where i denotes the sample and stretching protocol of interest to compare to the storage 
modulus of the isotropic neat sample. Values above 1 indicated the sample of interest had 
an overall beneficial contribution to the storage modulus of the polymer or composite, 
while values at or below 1 indicated there was no additional mechanical reinforcement 
imparted by that specific sample compared to an unstretched neat polymer sample. Due to 
warping observed specifically in the neat polymer that was biaxially stretched, the values 
of E'r were only calculated and investigated up to 60 °C. As can be seen in the below figure, 
the highest contributions to the overall storage modulus of the polymer occurred when it 
was uniaxially stretched and measured in the MD. However, the lowest values calculated 
for E'r were observed when the neat polymer was biaxially stretched. While the isotropic 
composite provided increases to the storage modulus across all temperatures of interest in 
Figure 8.21, these contributions began to decline above the Tg of the isotropic composite, 
or approximately above 52 °C. Whereas the uniaxially stretched polymer and the stretched 
composite samples displayed increases as a function of temperature across all temperatures 
of interest in the below figure. This suggested the stretched state of the polymer and aligned 
CNCs retained stiffness at temperatures above which the isotropic neat polymer would 
begin to display rubbery behavior in the amorphous phase. This indicated the amorphous 
polymer structure was affected by the induced polymer alignment and particle 
arrangements as a result of uniaxial and biaxial stretching. The changes to the amorphous 
structure of the polymer matrix were due to a combination of mesophase formation as seen 
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in XRD patterns for the stretched samples as well as interactions and immobilization until 
higher temperatures by the aligned polymer crystalline phase and CNC arrangements. The 
E'r values for the biaxially stretched and uniaxially stretched composites were 
approximately similar across all temperatures, although these values were only calculated 
for the samples measured in the MD, and therefore the contributions of the biaxially 
stretched composite were overall higher in all testing directions compared to the uniaxially 
stretched neat polymer and composite. The overall large differences in E'r,neat,uniaxial and 
E'r,neat,biaxial values along with the relatively similar E'r,composite,uniaxial and E'r,composite,biaxial 
values indicated the prescribed particle arrangements in the biaxially stretched composite 







Figure 8.21 - Relative contributions to the overall storage modulus made by either the 
stretching step implemented or the arrangement of the CNCs. Relative contributions are 
presented for the uniaxially stretched neat polymer (blue triangles), biaxially stretched neat 
polymer (blue diamonds), isotropic 2.5 wt.% CNC/44EVOH composite (red circles), 
uniaxially stretched composite (red triangles), and biaxially stretched composite (red 
diamonds).  
 
These trends in E' values were different from what was reported by Lee et al. [2] 
when polymer-decorated nanoparticles with a lower aspect ratio than was used in this work 
were arranged in a semicrystalline polymer matrix with a sequential biaxial drawing 
method. While the testing mode used in DMA characterization of the samples was different 
between the current work and Lee’s work, where previously the samples were tested under 
shear while in the current work they were tested in tensile mode, the qualitative trends in 
the data calculated from ΔE' and E'r were still used as a means of comparison between the 
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two systems. Lee et al. observed normalized contributions of shear storage modulus (G') 
for the composite with the arranged nanoparticles compared to the unstretched neat 
poylmer were higher below Tg compared to all other stretched and unstretched polymer 
and composite systems investigated while the normalized G' values were similar to the 
normalized contributions of the uniaxially stretched composite above Tg.  
The qualitative differences in the storage modulus values when comparing the 
biaxially stretched 2.5 wt.% CNC/44EVOH composite to the uniaxially stretched polymer 
and composite samples were not expected based on previous work. It was anticipated that 
nanoparticles with higher aspect ratios such as the CNCs used in the present work 
compared to the HAp particles investigated previously would increase the mechanical 
reinforcement efficacy of the prescribed microstructures both below and above Tg. 
However, this was not the case for the biaxially stretched 2.5 wt.% CNC/44EVOH 
composite compared to the uniaxially stretched samples measured in the MD. The E' values 
of the biaxially stretched composite were higher than both the uniaxially stretched neat 
polymer and composite measured in the MD only at temperatures well above Tg.  
While there was seemingly no difference in the E' values of the biaxially stretched 
composite versus the uniaxially stretched sample measured in the MD in samples stretched 
with either a 1 mm/min or 10 mm/min extension rate in the first stretching step, the 
properties of the biaxially stretched sample were more uniform in-plane and higher than 
what was anticipated for the contributions of the CNCs oriented approximately 45° with 
respect to each stretching direction (Figure 8.8). Anisotropic nanoparticles such as CNCs 
were expected to amplify differences in storage modulus in the MD and CD when the 
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composite was uniaxially stretched, and the overall storage modulus values for the biaxially 
stretched composite were anticipated to decrease compared to the MD E' value for the 
uniaxially stretched composite due to an increasing contribution of the transverse modulus 
of CNCs that coincided with a decreasing contribution of the axial modulus in the MD. In 
order to understand the contributions of the prescribed microstructures to the 
thermomechanical properties of the composite more fully, the measured values were 
compared to a micromechanical model derived from a classical composite laminate theory 
and Halpin-Tsai equations for unidirectionally aligned filler predicting composite modulus 
as a function of filler orientation derived from Equations 8.5-8.18 taking into account the 
aspect ratio and oreintation of the CNCs in the polymer matrix.  
  𝑄11(𝜃) = 𝑄11 cos
4(𝜃) + 2(𝑄12 + 2𝑄66) sin
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where Q11, Q22, Q12, and Q66 are members of a reduced stiffness matrix that relates strength 
to strain in mechanical testing [266], Q11(θ) is the reduced stiffness contribution in the MD 
direction for a composite with anisotropic particles aligned in an angle θ with respect to 
the applied load. For the two cases of uniaxial and biaxial alignment, it was assumed θ was 
0° or 45°, respectively. Equations 8.10-8.18 are Halpin-Tsai equations and their respective 
definitions for a composite laminate with unidirectionally aligned filler [267]. E11 is the 
axial modulus of the composite, E22 is the transverse modulus, G12 is the shear modulus, 
and ν12 and ν21 are Poisson’s ratios for the in-plane directions. The Poisson’s ratio of the 
polymer, ν12,m, was determined to be approximately 0.36 from measurements in the 
difference in dimensions of neat polymer samples before and after uniaxial stretching on 
the universal testing frame. The Poisson’s ratio of crystalline cellulose, ν12,f,  is 
approximately 0.3 [268]. Em is the modulus of the 44EVOH matrix, Gm is the shear 
modulus of the polymer matrix, and ν is the volume fraction of the CNCs. In the case of 
2.5 wt.% CNC loading, this value is 0.0179. For means of comparison with experimental 
values, all modulus values were taken as the storage modulus measured at 30 °C. Also, in 
the case of uniaxially stretched samples, Em was defined as either the storage modulus 
measured in the MD or CD (approximately 5.8 GPa and 2.0 GPa, respectively) and Ef was 
assumed to be 50 GPa [59] for the axial modulus and 10 GPa [1] for the transverse modulus 
of CNCs when calculating values for ηL or ηT, respectively and E11 or E22, respectively. 
The aspect ratio of the CNCs  l/d was approximately 21 [112]. Based on these equations, a 
decrease of approximately 53% was expected in the E' for the biaxially stretched composite 
with CNCs oriented 45° with respect to either stretching direction compared to the 
uniaxially stretched composite. However, this was not what was observed in the 
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experimental data, where the E' values for the biaxially stretched composite remained 
similar to the uniaxially stretched composite measured in the MD. This difference in 
theoretical values and measured values of the biaxially stretched samples suggested there 
was additional mechanical reinforcement of the CNC arrangement in the composite due to 
the interactions between particles as well as the particles and polymer matrix in the 
prescribed microstructures. While changes in polymer structure as determined by Xc values 
measured with DSC and XRD explained the differences in the polymer and composite 
when they were uniaxially stretched, i.e. higher Xc values in the uniaxially stretched neat 
polymer indicated more alignment of the polymer chains compared to the composite, the 
similarity in polymer structure when these systems were biaxially stretched does not fully 
explain why there was a significant retention in the E' values when the composite was 
biaxially stretched compared to the biaxially stretched neat polymer and the uniaxially 
stretched composite. Therefore, the retention of the composite stiffness was attributed to 
the particle arrangement and interactions between the polymer and particles that was not 
observed in the biaxially stretched neat polymer, as the stiffness decreased in the neat 
polymer that was biaxially stretched compared to the uniaxially stretched polymer, and 
these E' values were similar to the unstretched isotropic neat polymer.  
In order to better understand the interactions and spacial arrangement of CNCs in 
the polymer matrix, interparticle distances were calculated based on the elementary unit 
cells displayed in Figure 8.22. The CNCs were assumed to have dimensions of 
approximately 163 nm long (L) and 6.4 nm wide (R) [112], and the polymer was assumed 
to perfectly coat all CNC surfaces in a well dispersed system. Based on calculations for 
interparticle distances (2d) in Table 8.1 represented in Figure 8.22, the CNCs were 
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relatively close to one another with respect to their long axes, and therefore it is possible 
for the CNCs to interact with one another at this particle loading and create confined areas 
in the matrix that were stiffer than expected for the bulk polymer. The interphase layer 
connecting the nanoparticles to the bulk polymer matrix was also suggested to have played 
an important role in increased thermomechanical properties in the biaxially stretched 
nanocomposite. The interphase layer is a transition zone between the nanoparticles and the 
bulk polymer matrix and can consist of cross linking, immobilized polymer chains, 
entangled polymer chains around or adsorbed to the particle surfaces, and intermolecular 
bonds such as hydrogen bonding [269, 270]. Pakzad et al. [269] determined through 
changes in the modulus around CNCs in a PVA and a blended PVA-PAA matrix measured 
with AFM that the interphase thickness between nanoparticles and matrix could extend 
approximately 12 nm from the CNC surfaces for nanoparticles with similar diameters to 
those used in the current work. The authors attributed the thickness of the interphase to 
hydrogen bonding between the CNCs and polymer chains in close proximity to the 
nanoparticle surfaces. This interphase thickness further extends the ability of CNCs to 
interact with one another while not physically touching each other such as in a continuous 
network. Tg, a property that was anticipated to increase if there was confinement of the 
polymer mobility by the prescribed particle arrangement, decreased when the composite 
was biaxially stretched compared to the isotropic composite from approximately 52.6 °C 
to approximately 43.9 °C. Although this decrease in Tg was attributed to the reduction of 
the mesophase when the composite was biaxially stretched as noted in XRD patterns. 
Therefore while the changes in storage modulus values of the biaxially stretched composite 
suggested there were additional and/or different polymer-particle interactions that occurred 
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as a result of constraints to the polymer matrix afforded by the 2.5 wt.% CNC loading and 
arrangement in 44EVOH that contributed to increased overall stiffness, these interactions 
were not due to increased confinement of the polymer chains between nanoparticles when 
the composite was biaxially stretched. 
 
 
Figure 8.22 - Elementary unit cells containing one CNC (black) in each unit cell surrounded 







Table 8.1 - Interparticle distances calculated from two elementary unit cells containing one 
CNC surrounded by polymer matrix. 







 The increase in thermomechanical properties when the 2.5 wt.% CNC/44EVOH 
composite was biaxially stretched was also attributed to the formation of tensegrity- 
inspired microstructures as a result of applied strains inducing CNC arrangement as well 
as the polymer-particle interactions in the stretched construct at particle loadings near the 
onset of CNC network formation in the matrix. The sequential biaxial drawing method was 
intended to induce prestresses into the composite structure in a similar fashion to tensioning 
a web of cables in the strut-and-cable model (Figure 2.4). Increased stiffness of tensegrity 
structures has also been related to the level of prestress imparted in biological systems and 
predicted in mechanical models [181, 183, 184]. This increase in stiffness was analogous 
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to the increase in E' values, particularly compared to the isotropic unstretched composite, 
when the nanocomposite film was prestressed with the sequential biaxial stretching 
protocol. The thermal properties and the structure observed from XRD patterns of the 
biaxially stretched composites also suggested while the polymer structure changed when 
the polymer or composite was uniaxially or biaxially stretched, there were no significant 
changes to the polymer structure when the biaxially stretched neat polymer and composite 
were compared to one another. Therefore, the results suggested the polymer crystallites 
oriented in the direction of applied strains and assisted in the arrangement of the CNCs in 
the directions of applied strain as there were additional increases to the mechanical and 
thermomechanical properties of the stretched samples when CNCs were incorporated. This 
CNC arrangement imparted additional benefits to the thermomechanical behavior of the 
composite. Also, the increases in the thermechanical properties with the incorporation of 
stretching to the composite was attributed to the construction of prestressed tensegrity- 
inspired structures. 
8.4 Conclusions 
The development of tensegrity- inspired microstructures was investigated using a 
sequential biaxial stretching protocol of neat 44EVOH and 2.5 wt.% CNC/44EVOH 
composite systems. The thermomechanical, mechanical, structure, and thermal properties 
were used to elucidate the structural changes of these systems as well as other 44EVOH 
and 48EVOH composites with different CNC and CNF loadings. While XRD patterns 
indicated stretching induced structural changes to the polymer and composites, the 
orientation could not be deduced. Also, the polymer structure was similar between the neat 
polymer and composite that was biaxially stretched but different when the 2.5 wt.% 
 225 
CNC/44EVOH composite and neat 44EVOH were uniaxially stretched and these changes 
were corroborated with Xc values measured from DSC. The structure of the uniaxially 
stretched samples suggested the confinement effects of the CNCs at loadings near the onset 
of network formation in the matrix inhibited the polymer from crystallizing which 
contributed to lower overall thermomechanical and mechanical properties for this 
composite compared to the neat polymer. However, the structure and thermal properties of 
the biaxially stretched samples suggested that although the polymer structure was altered 
from the stretching process, the structure was not different when the CNCs were 
incorporated and the film was biaxially stretched. These results coupled with increases in 
the thermomechanical properties across a range of temperatures spanning below and above 
Tg of the 2.5 wt.% CNC/44EVOH composite compared to the neat polymer suggested the 
CNC arrangement imparted additional benefits to the thermomechanical behavior of the 
polymer. Also, the increase in thermomechanical behavior when the composite was 




CHAPTER 9. CONCLUSIONS AND FUTURE WORK 
In this chapter, the conclusions of the work presented in this dissertation are 
summarized and discussed in the context of how it contributes to the overall understanding 
of prescribed morphology in polymer nanocomposites using CNs. Future work is also 
recommended based on the findings in in this work. 
9.1 Conclusions 
9.1.1 Chapter 4 Conclusions 
• POM images of EVOH matrices with CNs collected at room temperature and above 
the melting temperature of the EVOH matrix composites suggested the STM 
method increased CN dispersion and distribution when compared to composites 
made with solely melt mixing or solution casting techniques. 
• Color patterns of the room temperature films appeared different in both 
nanocomposites, particularly when they were made with the STM method. This 
difference suggested the CNs affected the microstructure of the polymer matrix and 
the way the CNs affected the microstructure of the polymer matrices was different 
due to differences in comonomer composition.  
9.1.2 Chapter 5 Conclusions 
• Increased E' values for 48EVOH matrix composites regardless of processing 
strategy implemented were due to a combination of changes to the polymer matrix 
crystallinity, the incorporation of CNCs, and the formation of a CNC network in 
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the matrix. The morphology of the continuous CNC network when produced with 
the solution method was three-dimensional while the morphology was two-
dimensional when the composites were made with the STM method. Long-range 
interactions between the CNCs and polymer matrix contributed to a decrease in the 
CNC loading required for network formation compared to the theoretical value. 
• Increases in Tg and certain mechanical properties particularly at higher CNCs 
loadings suggested the multi-step protocol increased CNC dispersion and 
distribution in the 48EVOH matrix versus the solution method.  
9.1.3 Chapter 6 Conclusions 
• Increased E' values for 44EVOH matrix composites regardless of processing 
strategy implemented were due to the incorporation of CNCs and the formation of 
a CNC network in the matrix. Increased polymer-particle compatibility between 
CNCs and 44EVOH also resulted in increases to thermomechanical and mechanical 
properties of 44EVOH matrix composites versus 48EVOH matrix composites. A 
continuous CNC networked phase contributed to increased thermomechanical 
properties, and the onset of CNC network behaviour occurred at approximately 2 
wt.% CNC loadings in 44EVOH. 
• Overall, results from 44EVOH polymers and composites indicated processing 
strategy impacted CN dispersion and distribution in a matrix with higher vinyl 
alcohol content than studied in the previous chapter. The results also demonstrated 
polymer matrix selection impacted polymer-particle interactions and the degree to 
which CNs reinforced the polymer. 
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9.1.4 Chapter 7 Conclusions 
• VH, CC tests revealed reorganization of the polymer matrix during heating in all 
samples tested which suggested metastable structures were present in the polymer 
matrix at the scanning rates studied with FSC. However, these metastable structures 
did not change significantly with the addition of CNCs.  
• Results from VC, CH tests suggested CNCs at 1 wt.% loadings in 44EVOH and 
48EVOH matrices acted as nucleating agents which prevented cold crystallization 
from occurring until faster cooling rates. 
9.1.5 Chapter 8 Conclusions 
• Polymer chain and nanoparticle alignment in the direction of applied strain was 
inferred from changes in thermomechanical and mechanical properties measured in 
the MD and CD when 44EVOH and 48EVOH matrix polymers and composites 
were uniaxially or biaxially stretched. The 44EVOH composite with 2.5 wt.% 
CNCs did not increase as much as anticipated when uniaxially stretched and this 
was due to changes in polymer structure and/or confinement of the polymer matrix 
between CNCs. 
• The increase in isotropy and retention of E' values when the 2.5 wt.% 
CNC/44EVOH composite was biaxially stretched indicated the particle 
arrangement imparted in the composite with the biaxial stretching protocol 
contributed additional mechanical reinforcement. 
• Overall, prescribed microstructures inspired by the concept of tensegrity were able 
to be constructed using a sequential biaxial drawing method in a polymer 
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nanocomposite with CNCs as the isolated compressed members in a continuous 
phase of 44EVOH matrix. These prescribed microstructures increased the stiffness 
of the polymer composite beyond what was accomplished in unstretched and 
uniaxially drawn composites and this behavior was observed under different 
prestressing conditions. 
The results of this dissertation work provided insight into the ability of CNs arranged 
in prescribed microstructures to increase thermomechanical properties of a commercially 
available semicrystalline thermoplastic polymer matrix. The results of POM indicated the 
importance of processing strategy on resultant CN dispersion in two EVOH matrices. 
Thermal, thermomechanical, and mechanical results displayed how both processing as well 
as matrix selection impacted the ability of CNs to be incorporated and dispersed in a 
polymer matrix and how the CNs impacted properties of the nanocomposite. These results 
indicated a multi-step protocol was needed to increase CN dispersion the most in an EVOH 
matrix. The onset of a continuous filler phase of CNCs assisted in determining a rational 
approach to the particle loading needed to construct tensegrity- inspired microstructures. 
Particles in the polymer nanocomposite needed to be close enough to interact with both the 
polymer matrix and other particles while still retaining enough space between particles to 
change arrangements upon stretching. Tensegrity- inspired microstructures were 
developed with this in mind using relatively simple and commercially available processing 
techniques such as mechanical drawing. Furthermore, this work contributes to the general 
body of work relating to polymer nanocomposite processing- structure- property 
relationships and polymer nanocomposites with prescribed morphology. This work also 
contributes to the body of work pertaining to CNs as mechanical reinforcement in 
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thermoplastic polymer matrices and provides an overall better understanding of 
processing- structure- property relationships of polymer nanocomposite constructs with 
prescribed microstructures based on the concept of tensegrity 
9.2 Recommendations for Future Work 
9.2.1 Additional characterization of the tensegrity-inspired microstructures 
While thermomechanical property increases when EVOH was reinforced with CNs 
and stretched are significant findings, the barrier properties of the EVOH nanocomposites 
need to be probed since the main application of the polymer is in packaging applications. 
Therefore, oxygen permeability and water vapor transmission tests should be conducted on 
the isotropic and stretched neat polymers and nanocomposites. Because gas molecules are 
known to diffuse more easily through the polymer amorphous phase, it is anticipated the 
barrier properties will be improved in the stretched nanocomposites due to increased 
polymer crystallinity and crystal perfection compared to the isotropic composites.  
In order to further investigate the role of confined polymer chains between CNCs 
in the tensegrity-inspired microstructures and development of a mesophase during 
stretching, it is recommended to conduct Modulated DSC (MDSC) tests to determine what, 
if any, rigid amorphous content or mesophase is present. In addition to crystalline and 
amorphous phases in a semicrystalline thermoplastic such as EVOH, some polymers have 
been observed to exhibit both mobile and rigid amorphous fractions [271]. The rigid 
amorphous fraction arises due to confinement between crystalline phases or nanoparticles 
and has been demonstrated to be present in polymer nanocomposites [272], but it can be 
hard to distinguish from the mobile amorphous fraction or melting of small/less perfect 
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polymer crystallites measured with conventional DSC. Therefore, the MDSC technique 
was developed to separate the reversible and irreversible heat flows at the glass transition 
that are attributed to mobile and rigid amorphous phases, respectively. 
In addition to the characterization of gas barrier properties and probing for rigid 
amorphous fraction or mesophase development in the tensegrity- inspired microstructures, 
it is also recommended to investigate the coefficient of thermal expansion of the 
composites during the construction of tensegrity- inspired microstructures in the polymer 
nanocomposites. 
9.2.2 Further investigation of CNFs, and processing strategies for tensegrity structure 
construction 
The onset of a continuous filler phase was demonstrated in the current work to 
dictate the ability of nanoparticles to arrange into tensegrity- inspired microstructures with 
the biaxial starching protocol. It is therefore recommended to investigate incorporating 
TEMPO CNFs or CNFs at lower particle loadings in 44EVOH than what were used in this 
work. While the morphology of TEMPO CNFs and CNFs is different from CNCs and may 
make it more difficult to fully prevent particle-particle interactions and networking, lower 
particle loadings in an EVOH matrix are anticipated to promote the formation of tensegrity- 
inspired microstructures using the TEMPO CNFs or CNFs. 
Different processing strategies are recommended to determine if prescribed 
microstructures can be constructed in CN-reinforced semicrystalline polymer composites. 
In continuous fiber- reinforced thermosetting matrices, investigators have demonstrated 
increased mechanical performance when the filler phase was prestressed prior to 
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impregnating the fiber mat with polymer resin [190]. Therefore, investigating the 
development and prestressing of CN nanopapers followed by imbedding the prestressed 
nanopaper with a thermosetting resin could develop novel microstructures with increased 
mechanical properties. 
9.2.3 Comparing sequential to simultaneous biaxial stretching protocol 
EVOH films undergo various deformations when they are processed to make 
packaging materials including sequential or simultaneous biaxial stretching such as what 
is experienced during blown film extrusion. Investigators [273-277] have shown the 
structure of semicrystalline polymers is different when it either undergoes simultaneous or 
sequential biaxial stretching due to the way the polymer chains and crystallites align during 
the different stretching steps. This difference in structural development is expected to be 
further amplified with the incorporation of anisotropic nanoparticles such as CNs. It is 
therefore recommended to investigate the development of prescribed microstructures in 
EVOH using a simultaneous biaxial stretching protocol and comparing the mechanical, 
thermomechanical, and gas barrier behavior to the films made with the sequential biaxial 
drawing method used in this work. 
9.2.4 Studies of cellulosic nanomaterials with FSC 
FSC was demonstrated in the current work as well as by other researchers to be a 
powerful tool to determine polymer and composite dynamics that occur on timescales that 
are too fast to be detected by conventional DSC. The scanning rates used in FSC have also 
been used to probe thermal properties of polymers that would otherwise degrade in 
conventional DSC, such as silk [240, 241] and PVA [239].  CNCs and CNFs are both 
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highly ordered cellulosic nanomaterials, but little is understood about the disordered 
content of these materials. Therefore, it is recommended to use FSC as a means of probing 
and better understanding the behavior of disordered cellulose in CNs and how the overall 
structure evolves at different length scales during processing from native cellulose down 
to the nanomaterial.  
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APPENDIX A. COMPARISON OF DIFFERENT BATCHES OF 
CELLULOSE NANOCRYSTALS 
 EVOH composites were made with CNCs from two different batches over the 
course of the time it took to complete the work for this dissertation. The results presented 
in this appendix compared properties such as hydrodynamic radius distribution, chemical 
structure, crystal structure, and thermomechanical behavior when the CNCs were 
incorporated in 44EVOH or 48EVOH at 1 wt.% loadings. 
 Hydrodynamic radius was measured with dynamic light scattering. The CNCs were 
suspended in distilled water at a concentration of 75 mg/100mL. The CNCs were sonicated 
for 15 minutes in a cup horn sonicator at 80 W power output. A BI-200SM light scattering 
system (Brookhaven Instruments Co., Holtsville, NY) was used for dynamic light 
scattering tests. The temperature was maintained at 25 °C, and a polarized 532 nm laser 
was used at a 11 mW power output. The detector was oriented perpendicular to the incident 
beam, and the data were collected over a two minutes timeframe. The viscosity and 
refractive index used for water at 25 °C were 0.890 mPa*s and 1.334, respectively. 
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Figure A.1 - Distribution of hydrodynamic diameters for the old and new CNC suspensions 
as measured by dynamic light scattering. 
 
 




Figure A.3 displays the XRD patterns for the old and new CNCs as well as the Xc 
and the crystallinity index (CI) values calculated from the patterns. Xc was calculated as 
described in Equation 3.1 after deconvoluting the crystalline peaks and the amorphous 






Where Imax was assigned to the (200) diffraction peak located at approximately 22.6° for 
both CNCs and Imin was assigned to the local minimum located at approximately 19°. The 













Figure A.4 - E' measured at 30 °C for 1 wt.% CNC/44EVOH and 1 wt.% CNC/48EVOH 




APPENDIX B. ISOTROPIC EVOH NANOCOMPOSITES 
 
For scanning electron microscopy images, a Hitachi SU8010 SEM (Tokyo) was used 
to image cross-sections of isotropic polymers and nanocomposite systems. Films were 
cryofractured using liquid nitrogen to cool the samples. Cross sections were then applied 
to 90° mounts (Ted Pella, Redding, CA) with carbon tape and carbon coated with a Quorum 
Q-150T ES (UK) for 30 seconds. The images were taken using settings of 1 kV and 10 µA 




Figure B.1 - Scanning electron micrographs of (1) 0, (b) 1, (c) 2.5, and (d) 5 wt.% 








Figure B.2 - Background XRD pattern collected from the PANalytical MRD in the range 




Figure B.3 - E' values as a function of displacement amplitude to determine the linear 
viscoelastic region. Representative curves for (a) isotropic 44EVOH composites, (b) 
isotropic 48EVOH composites, and (c) uniaxially stretched 44EVOH composites. For (a) 
and (b), composites with 0, 1, 2.5, 5, and 10 wt.% CNC loadings represented by circles, 
triangles, diamonds, squares, or x’s/-‘s, respectively. Also, filled shapes are composites 
made with the STM method and open shapes with the solution method, while –‘s are the 
10 wt.% CNC/48EVOH composite made with the STM method and x’s are with the 
solution method. For (c), 0, 1, 2.5, and 5 wt.% CNC/44EVOH composites are represented 
by blue, red, green, and gold circles, respectively. The uniaxially stretched composites 
measured in the MD are represented by filled symbols, and the CD are represented with 
open symbols. Vertical lines indicate strain amplitude chosen for DMA tests discussed in 
Chapters 5, 6, and 8.  
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APPENDIX C. FAST SCANNING CHIP CALORIMETRY SAMPLE 
IMAGES 
Images of the samples used for FSC measurements were presented in Figure C.1 
and Figure C.2. Images were captured with an Olympus BX51 microscope under reflection 
mode and an Olympus UC30 camera with a 10x objective lens. 
  
  
Figure C.1 - Optical microscope images of (a) 0, (b) 1, (c) 5 wt.% CNC/44EVOH 







Figure C.2 - Optical microscope images of (a) 0, (b) 1, (c) 5 wt.% CNC/48EVOH 












Figure D.1 - E' values measured at 30 °C as a function of applied uniaxial strain for 




Figure D.2 - E' values measured at 30 °C as a function of applied uniaxial strain for 







Figure D.3 - Stress at break measurements from quasi-static mechanical testing as a 
function of applied uniaxial strain for 44EVOH composites with 0, 1, 2.5, and 5 wt.% 






Figure D.4 - Xc values as calculated from DSC measurments as a function of applied 
uniaxial strain for 44EVOH composites with 0, 1, 2.5, and 5 wt.% CNCs. 
 
 
Figure D.5 - Xc values calculated from DSC measurements as a function of applied uniaxial 





Figure D.6 - XRD patterns of (a) uniaxially stretched neat 44EVOH, (b) biaxially stretched 
neat 44EVOH, (c) uniaxially stretched 2.5 wt.% CNC/44EVOH, and (d) biaxially stretched 
2.5 wt.% CNC/44EVOH composite. Samples were measured such that the MD was 
oriented (blue) parallel, (green) 45°, and (red) perpendicular with respect to the incident 
beam path and detector. 
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